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RESEARCH  SUMMARY 

Comprehensive  tree  volume  equations  and  the  methodology  used  to 
derive  them  are  presented  for  the  major  tree  species  of  New  Mexico  and 
Arizona.    With  these  equations,  the  following  gross  and  net  volume  types 
can  be  computed  for  boih  unforked  and  forked  trees:  total  stem  cubic 
foot  volume;  merchantable  cubic  foot  volume  to  any  top  diameter  between 
3  and  8  inches,  inside  bark;  International  1/4-inch  board  foot  volume  to 
a  6-inch  top,  inside  bark;  and  Scribner  board  foot  volume  to  a  6-inch 
top,  inside  bark.    These  equations  were  developed  in  such  a  manner  as 
to  eliminate  many  of  the  problems  of  consistency,  compatibility, 
reliability,  and  flexibility  associated  with  previous  sets  of  volume 
equations.    This  approach  also  allows  the  user  to  divide  total  stem 
cubic  foot  volume  into  top  volume,  merchantable  volume,  nnd  stump 
volume.    This  last  feature  is  useful  for  predicting  the  level  of  residues 
after  harvesting  to  various  top  diameters. 


INTRODUCTION 


Today,  as  in  the  past,  the  accurate  estimation  of  tree  volume  is  an  essential  pre- 
uisite  for  foresters  involved  with  timber  management  planning;,  forest  surveys,  damage 
raisal,  timber  sale  preparation,  trespass,  and  condemnation  proceedings  as  well  as 
wth  and  yield  studies.   To  be  of  immediate  value,  volume  estimates  must  be  expressed 
units  of  measure  related  directly  to  the  products  derived  from  the  tree.   The  board 
t  and  the  cubic  foot  are  traditional  units  of  measure,  although  the  latter  is 
reasing  in  importance  as  utilization  of  the  total  tree  becomes  more  common.   However, 
is  also  recognized  that  cubic  foot  volume,  when  combined  with  square  feet  of  circum- 
ential  surface  and  linear  feet,  provides  for  more  consistent  and  accurate  estimates 
a  tree's  product  potential  (Grosenbaugh  1954;  Davis  and  others  1962;  Bruce  1970). 
s,  future  needs  of  foresters  may  well  require  estimates  in  these  units  of  measure  as 
1  as  the  traditional  board  foot.   This  paper  is  concerned  solely  with  tree  volume 
imation  in  the  Southwest.   Surface  area  equations  for  selected  species  in  the  same 
a  were  provided  by  Hann  and  McKinney  (1975) . 

All  of  the  early  volume  tables  and  equations  published  for  exclusive  use  in 
zona.  New  Mexico,  or  both  were  for  the  prediction  of  unforked,  gross  Scribner  board 
t  volume  to  an  8-inch  top.   When  volixme  equations  were  developed,  the  logarithmic 
hod  described  by  Schuma^licr  '^"'i'  Hall  (1933)  was  followed  (Hornibrook  1936;  Lexen  and 
mson  1938a,  1938b;  Peterson  1939b,  1939c,  1939d;  Lexen  and  Peterson  1939b,  1939c, 
9d;  and  Krauch  and  Peterson  1943).   IVhen  this  method  did  not  work,  the  alinement  chart 
hod  was  used  (Peterson  1939a;  Lexen  and  Peterson  1939a;  and  Krauch  and  Peterson 
3).   These  early  equations  and  tables  were  for  "blackjack"  or  immature  ponderosa  pine 
rnibrook  1936;  Peterson  1939b),  "yellow"  or  mature  ponderosa  pine  (Hornibrook  1936; 
erson  1939c) ,  combined  ponderosa  pine  (Peterson  1939d) ,  white  fir  (Lexen  and  Thomson 
8a;  Lexen  and  Peterson  1939a),  southwestern  white  pines  (Lexen  and  Thomson  1938b; 
erson  1939a),  Apache  pine  (Lexen  and  Peterson  1939b),  Arizona  pine  (Lexen  and  Pcter- 

1939c),  Chihuahua  pine  (Lexen  and  Peterson  1939d) ,  and  Douglas-fir  (Krauch  and 
erson  1934) . 

In  addition  to  these,  Meyer  (1938)  published  gross  volume  tables  for  unforked 
derosa  pine  derived  from  data  collected  in  several  western  States,  including  the 
thwest.  Volumes  were  given  in  three  units  of  measure--total  stem  cubic  foot,  Intcr- 
ional  1/8-inch,  and  Scribner  board  foot. 

More  recently,  the  logarithmic  method  has  been  used  to  develop  equations  for 
orked,  gross  Scribner  board  foot  volume  to  an  8-inch  top  in  white  fir  (Peterson  1958) 

in  Englemann  spruce  (Peterson  1961),  and  for  unforked,  gross  cubic  foot  volume  to 
h  a  4-  and  an  8-inch  top  in  immature  and  mature  ponderosa  pine  (Gaines  and  Peterson 
0) .   Minor  (1961)  used  weighted,  least  squares  regression  to  develoji  an  equation  for 
orked,  gross  cubic  foot  volume  to  a  4-inch  top  in  ponderosa  pine,  whereas  Myers 
65)  used  ordinary,  least  squares  regression  with  segmented  data  to  develop  unforked, 
ss  volume  equations  for  (a)  total  stem  cubic  foot  volume,  (b)  merchantable  cubic  foot 
ume  to  a  4-inch  and  variable  top  limit,  and  (c)  International  1/4-inch  and  Scribner 
rd  foot  volumes  to  a  variable  top  limit.   (Myers  used  the  term  "variable  top  limit" 


to  indicate  that  the  merchantable  top  diameter  was  a  fixed  function  of  a  tree's  diamete 
breast  height  and  not  to  indicate  that  the  top  diameter  was  an  independent  variable  in 
the  volume  equation.   The  latter  t>'pe  of  equation  can  be  converted  to  the  former  by 
defining  the  functional  relationship  between  d.b.h.  and  top  diameter.) 

The  purpose  of  this  study  was  to  develop  gross  and  net  tree  volume  equations  for 
forked  and  unforked  trees  of  the  major  tree  species  found  in  Arizona  and  New  Mexico. 
Species-National  Forest  (sp-NF)  specific  equations  were  developed  for  the  following 
units  of  measure--total  stem  cubic  foot  volume,  merchantable  cubic  foot  volume  for  any 
top  diameter  between  3  and  8  inches,  and  International  1/4-inch  and  Scribner  board  foot 
volumes  to  a  6.0-inch  top.   The  resulting  equations  and  methodology  used  to  derive  thesi 
equations  are  described  in  this  paper.  Volume  tables  for  use  in  the  field  appear  in  a 
companion  piece,  "Comprehensive  tree  volume  equations  for  major  species  of  New  Mexico 
and  Arizona:  II.   Tables  for  unforked  trees." 

The  present  study  provides  a  complete  set  of  standardized  gross  and  net  volume 
equations  for  the  major  species,  forked  or  unforked,  in  Arizona  and  New  Mexico.   In 
addition,  all  equations  are  derived  from  a  common  data  base.   Further,  modeling  proce-  | 
dures  were  adopted  to  ensure  that  (a)  net  volumes  do  not  exceed  gross  volumes,        ' 
(b)  reasonable  board  foot-cubic  foot  ratios  prevail,  and  (c)  Scribner  board  foot  volume; 
do  not  exceed  International  1/4-inch  board  foot  volumes.   Merchantable  cubic  foot  volumi 
equations  for  any  top  diameter  between  3  and  8  inches  also  are  provided,  thus  permittii 
users  of  the  equations  to  adapt  to  changing  merchantability  standards. 


SOURCE  AND  NATURE  OF  DATA 


The  data  were  collected  from  five  National  Forests  of  Arizona  and  New  Mexico  by 
field  crews  of  the  Division  of  Timber  Management,  Southwestern  Region,  Forest  Service, 
Albuquerque,  New  Mexico  (table  1). 

The  data  for  the  Coconino,  Tonto,  and  Lincoln  National  Forests  are  the  same  as  use( 
by  Hann  and  McKinney  (1975)  in  the  development  of  surface  area  equations.  On  the  Santa 
Fe  and  Carson  National  Forests,  the  measurement  trees  were  selected  by  line  sampling 
with  a  40  basal  area  factor  angle.  The  lines  were  located  and  trees  designated  by 
inventory  field  crews  traveling  to  randomly  selected  continuous  forest  inventory  plots. 
Later,  a  second  crew  felled  and  measured  as  many  of  the  designated  trees  as  could  be   , 
finished  in  one  working  day,  using  procedures  similar  to  those  described  by  Stage  and  | 
others  (1968).  j 

Tree  volumes  were  computed  using  a  modified  version  of  the  NETVSL  computer  program 
(Stage  and  others  1968).   Merchantable  volumes  were  determined  to  various  top  diameters 
and  to  a  1-foot  stump  on  all  National  Forests  except  the  Lincoln,  where  stump  height 
was  1.2  feet. 


Table  1. — Data  sources 


Species 


National  Forest 


Coconino  :   Tonto   :  Lincoln  :  Santa  Fe:   Carson 


lack jack  pine^  {Pinus  ponderosa 
Laws . ) 

el low  pine^  (Pinus  ponderosa 
Laws . ) 

ouglas-fir  {Pseudotsuga  menziesii 
var.  glauaa    [Mirb.]  Franco) 

hite  fir  (Ahies  concolov    [Gord. 
and  Glend. ] ) 

outhwestern  white  pine  {Pinus 
ftexilis   var.  veflexa   Engelm.) 

ngelmann  spruce  {P-iaea 
engeZmannii   Parry) 

spen  {Populus   tremuloides   Michx.) 

orkbark  fir  {Abies   lasiooarpa 
var,  arizoniaa    [Merriam]  Lemm.) 


In  the  Southwest,  blackjack  and  yellow  pines  are  discinguished  by  their 
bark  colors;  blackjack  pines  have  very  dark  bark  and  yellow  pines  heavily 
plated,  orange  bark.   This  distinction  is  based  on  age,  growth,  and  vigor 
differences  rather  than  botanical  differences,  but  foresters  have  found  it 
useful  in  forest  management  planning. 


RESULTS 


i 


Final  equations  for  predicting  the  various  types  of  tree  volume  follow,  along  with 
an  explanation  of  how  to  apply  them.   Details  concerning  the  methodology  can  be  found 
in  the  appendixes. 

A  statistic  that  will  be  presented  whenever  possible  is  the  relative  mean-squared 
residuals  (RMSQR)  of  the  final  equation.   RMSQR  is  the  quotient  of  mean-squared  resid- 
uals divided  by  the  variance  of  the  dependent  variable  and,  as  such,  is  an  index  of  fit 
similar  to  the  coefficient  of  determination  (R^) .   In  the  case  of  Rf^SQR,  however, 
perfect  fit  would  result  in  a  value  of  0.   A  fit  that  would  not  reduce  the  squared 
residuals  below  the  value  around  the  mean  would  result  in  a  value  of  1,  and  a  value 
greater  than  1  would  indicate  that  the  model  has  increased  variability.   The  advantage 
of  RMSQR  over  R^  is  that  only  the  former  will  reflect  the  loss  in  degrees  of  freedom 
that  results  from  adding  another  independent  variable;  therefore,  it  serves  as  a  better 
measure  for  comparing  equations  of  different  numbers  of  independent  variables  to  see  if 
the  added  variable (s)  reduced  variance  about  the  regression  model. 

The  standard  error  of  the  estimate  is  not  reported  here  because  the  methodology 
used  precluded  the  calculation  of  a  meaningful  statistic. 

Gross  volumes .- -The  appropriate  equations  for  computing  gross  volume  are  chosen  by 
the  user  on  a  tree-by-tree  basis.  If  the  tree  is  unforked,  then  the  unforked  tree  vol- 
ume equation  is  chosen  based  on  the  sp-NF  combination  of  the  tree.  If  the  tree  is 
forked,  the  unforked  tree  volume  is  first  computed  for  the  tree  and  then  corrected  for 
forking  by  the  appropriate  forked  tree  equation  for  the  sp-NF  combination  of  the  tree.  ■ 
These  seemingly  trivial  facts  are  brought  out  because  the  choice  of  which  net  volume  ^ 
equation  to  use  is  not  on  a  tree-by-tree  basis,  but  instead  is  determined  for  an  entire 
data  set. 

A  tree  is  considered  forked  if  a  fork  of  any  severity  occurs  between  breast  height 
and  the  tip  of  the  tree.   For  most  of  the  species,  two  equations  are  given.   The  first 
equation  utilizes  tree  size  information  only,  while  the  second  equation  incorporates 
two  independent  variables  that  relate  to  the  severity  of  forking.   In  all  cases,  the 
second  equation  has  a  lower  RMSQR  value.   The  position  of  the  first  fork  variable,  P, 
is  defined  as  the  height  to  the  first  fork  divided  by  total  tree  height.   The  number  of 
tips  variable,  T,  can  be  counted  directly  or  computed  by  adding  1  to  the  number  of 
forks.   All  forks  between  breast  height  and  the  tip  of  the  tree  should  be  counted 
regardless  of  their  severity. 


^tal  Stem  Gross  Cubic  Foot  Volume — Unfovked  Trees 


The  total  stem  gross  cubic  foot  volume  of  unforked  trees  is  predicted  from  the 


)del: 


lere 


V  =  ao  +  aiD^H 


V  =  Predicted  total  stem  gross  cubic  foot  volume  of  an  unforked  tree 
D  =  Diameter  at  breast  height  (d.b.h.)  in  inches 
H  =  Total  tree  height  in  feet. 

le  sp-NF  specific,  weighted  least  squares  regression  coefficients,  ag  and  aj,  are  found 
1  table  2,  along  with  the  number  of  trees  used  in  their  development  and  the  resulting 
ISQR.   Methodological  details  can  be  found  in  appendix  I. 


Table  2. — Unforked  tree  total  stem  gross  cubic  foot  volume  data  base  and  regression  results 


Species 


National 
Forest 


Number 

of 

trees 


Regression  coefficients 


Relative 

mean  squared 

residual 

(RMSQR) 


ite  pine  Lincoln,  Santa  Fe,  Carson 

jelmann  spruce-corkbark  fir    Lincoln,  Santa  Fe,  Carson 


How  pine 

ackjack  pine 
ackjack  pine 
aglas-f ir 
jglas-f ir 
pen 

ite  fir 
ite  fir 


Coconino,  Tonto,  Lincoln, 
Santa  Fe ,  Carson 

Coconino,  Tonto,  Lincoln 

Santa  Fe,  Carson 

Lincoln,  Tonto 

Santa  Fe ,  Carson 

Santa  Fe ,  Carson 

Lincoln 

Santa  Fe,  Carson 


43 

0.160888987 

0.00203250045 

0.0177 

155 

.225466084 

.00216969983 

.0329 

201 

.237204154 

.00221122919 

.0292 

680 

.0810724804 

.00198351037 

.0266 

220 

.0483082948 

.00204968419 

.0435 

108 

.438373815 

.00175642739 

.0162 

81 

.341133398 

.00191796994 

.0368 

109 

.0327 

.00231123522 

.0199 

43 

.210903832 

.00183995833 

.0213 

58 

.157776859 

.00200912252 

.0277 

Total  Stem  Gross  Cubic  Foot  Volume— Forked  Trees 

The  model  for  total  stem  gross  cubic  foot  volume  of  forked  trees  is 

V, 


t.f 


't^      \f 


where 


V  r.  =   Predicted  total  stem  gross  cubic  foot  volume  of  a  forked  tree 


V, 


Predicted  total  stem  gross  cubic  foot  volume  of  an  unforked  tree 


R    =  Predicted  ratio  of  actual  total  stem  gross  cubic  foot  volume  in  a  forked 
•'•^   tree  divided  by  predicted  total  stem  gross  cubic  foot  volume  in  an  unforked 
tree  of  same  dimensions. 

The  sp-NF  specific  equations  for  R   ^,  their  RMSQR,  and  the  number  of  trees  used  are   I 

found  in  table  3.  An  examination  of  RMSQR  values  indicates  that,  in  some  cases,  models 
are  only  slightly  better  than  the  mean  of  ratios.   Therefore,  the  mean  values  for  R   , 

are  also  included  in  table  3  for  those  who  do  not  feel  comfortable  using  the  equations. 
Methodological  details  can  be  found  in  appendix  II. 


Table  3. — Forked  tree   total  stem  auhia  foot  volume  data  base  and  regression  results 

Independent  variables 

D  =  D.b.h.  in  inches 

H  =  Total  tree  height  in  feet 

P  =  Height  to  first  fork  divided  by  H 

T  =  1  +  (number  of  forks) 


Species,  National  Forest,  and  regression  equations 


Mean 

R.  ^ 


Niimber 

of 

trees 


Relative 
mean  squarec 
residual 
(R^:SQR) 


White  pine  on  Santa  Fe ,  Carson,  and  Lincoln 

R     =  8.72597123E-01  +  2. 96964121E-03 (H) 

or   ■'•' 

R     =  0.83242764  +  2 . 81237312E-05 (h2)  +  1 . 67572359E-01 (P) 

''J  J 

Engelmann  spruce-corkbark  fir  on  Santa  Fe,  Carson,  and  Lincoln 
R^  ^  =  9.920B5233E-01  +  1. 87806305 (D/H) 2 

°^R  „=   0.49137954  +  3 . 7389895BE-02 (D)  -  5. 87687943E-05 (h2)  +  5. 08620456E-01 (P) 

til 

Ponderosa  pine  on  Lincoln,  Coconino,  Tonto,  Santa  Fe,  and  Carson 

R   ,  =  9.86799996E-01  +  4 .82642048E-01 (D/H) 2 

or   '•' 

R   ,  =  0.90259661  +  1 . 24540324E-02 (t2)  +  9. 74033859E-02 (P) 

Douglas-fir  on  Santa  Fe,  Carson,  Lincoln,  and  Tonto 
R   „  =  9.40292266E-01  +  3 . 38586950 (1/H) 

ty] 

Aspen  on  Santa  Fe  and  Carson 

R   -  =  9.49182022E-01  +  2 . 82537481E-05 (h2) 

""^R  r.   =  1.36944003  +  3  .  87833769E-05  (h2)  -  5.  61174592E-02  (T) 
'^         +3.69440030E-01(p2)  -  7 . 38880060E-01 (F) 


1.03680 

17 

0.8803 

1.03680 

17 

.8137 

1.12229 

16 

.7702 

1.12229 

16 

.5139 

1.02667 

158 

.9889 

1.02667 

158 

.9374 

1.00723 

21 

.9790 

1.02097 
1.02097 


37 
37 


.9559 
.8975 


White  fir  on  Santa  Fe,  Carson,  and  Lincoln 

R^  „  =  9.10060854E-01  +  2 . 67134214E-01 {H/d2) 


.97591 


13 


.8752 


vchantable  Gross  Cubic  Foot  Volime — Unforked  Trees 

By  definition,  merchantable  gross  cubic  foot  volume  in  an  unforked  tree  is  cqtia] 
total  stem  gross  cubic  foot  volume  minus  the  cubic  foot  volume  in  both  the  top  and 
e  stump  (Flusch  1963)  .   This  relationship  can  be  written  as 

V  =  V^  -  V 
rr,  t  u 

are 

V  =  Predicted  merchantable  gross  cubic  foot  volume  to  a  specified  top  in  an 

unforked  tree 

V  =  Predicted  total  stem  gross  cubic  foot  volume  in  an  unforked  tree 

V  =  Predicted  unmerchantable  gross  cubic  foot  volume  in  an  unforked  tree  fthat  is, 

the  gross  cubic  foot  volume  in  the  top  and  stump  of  an  unforked  tree) . 

ighted  least  squares  regression  was  used  to  develop  the  follow'ing  model  for  unmer- 
antable  gross  cubic  foot  volume  in  an  unforked  tree: 

V  ^   bo    ^   bi    -^^     +  b2D^ 

sre 

V  =  Predicted  unmerchantable  gross  cubic  foot  volume  in  an  unforked  tree 
D  =  D.b.h.  in  inches 

H  =  Total  tree  height  in  feet 

D  =  Any  specified  top  diameter  between  3  and  8  inches  inside  bark 
n  =  An  sp-NF  specific  power  on  d.b.h. 

The  appropriate  regression  coefficients,  their  RjMSQR,  and  the  number  of  observa- 
Dns  used  can  be  found  in  table  4.   The  number  of  observations  differs  from  the  number 
trees  used  because  each  tree  has  an  unmerchantable  volume  for  each  of  thi.  several  top 
ameters  computed  for  the  tree.   Methodological  details  can  be  found  in  appendix  III. 


Table   4. — Unfor^.ed  tree  urunerohantahle  -jross   (rubic  foct   oolume    Ait.j   ha.^e  oni  rr.jtvseion   reciilf:.-. 


Species 


National 
Forest 


Number 

of 

observations 


Reqress ion  coefficients 


/ 


Relative 

ean    siTuared 

residual 

(PMSQP) 


White  pine 

Santa  Fe, 
Lincolr 

Carson, 

250 

Engelmann  spruce - 

Santa  Fe, 

Carson, 

corkbark  fir 

Lincoln 

810 

Yellow  pine 

All 

1 

206 

Blackjack  pine 

Lincoln, 

Coconino 

Tonto 

4 

,086 

Blackjack  pine 

Santa  Fe, 

Carson 

1 

231 

Douglas-fir 

Lincoln, 

Tonto 

648 

Douglas-fir 

Santa  Fe, 

Carson 

424 

Aspen 

Santa  Fe , 

Carson 

528 

White  fir 

Lincoln 

244 

White  fir 

Santa  Fe , 

Carson 

298 

1.5  -0.213005397  0.00491211378  0.00606061971  0.0229 

1.5  -.266475206  .00612895037  .00743111599  .0503 

1.0  .0185465259  .000788175798  .00505513624  .1004 

1.5  -.125349396  .00360421889  .00540634204  .0591 

1.5  -.133967845  .00650174839  .00490223789  .0657 

1.0  -.083148657  .00121904459  .00541744598  .0547 

1.5  -.187630869  .00671872085  .00536451038  .0580 

1.5  -.236432433  .00580208490  .00608042504  .0435 

1.0  -.182699690  .00124824607  .00624477874  .3681 

1.5  -.187563245  .00632648558  .00604132385  .0293 


Merchantable  Gross  Cubic  Foot  Volume — Forked  Trees 

The  pquation  form  for  forked  tree  merchantable  gross  cubic  foot  volume  is 


I 


V   „  =  V   X  R 


where 


V  r.  =   Predicted  merchantable  gross  cubic  foot  volume  of  a  forked  tree 

V  =  Predicted  merchantable  gross  cubic  foot  volume  of  an  unforked  tree 
R  J,  =  Predicted  ratio  of  actual  merchantable  gross  cubic  foot  volume  in  a  forkec 

171     f 

'  tree  divided  by  predicted  merchantable  cubic  foot  volume  in  an  unforked  trC' 

of  same  dimensions. 

The  sp-NF  specific  equations  for  R   ^,  their  RI'ISQR,  and  the  number  of  observations  used 

can  be  found  in  table  5.   For  those  who  do  not  feel  comfortable  using  these  equations, 
equations  that  predict  R  ^  as  a  function  of  top  diameter  alone  can  also  be  found  in 

table  5.   Methodological  details  can  be  found  in  appendix  IV. 


Table  5. — Forked  tree  merchantable  gross  auhia  foot  volume  data  base 

and  regression  results 


Independent  variables 


Top  diameter,  inside  bark,  in  inches 


D  =  D.b.h.  in  inches  D 

rr 

H  =  Total  tree  height  in  feet     P  =  Height  to  first  fork  divided  by  H 
T  =  1  +  (number  of  forks) 


Species,  National  Forest,  and  regression  equations 


Number 

of 

observatior^s 


Relative 
mean  squared 
residual 


White  pine  on  Lincoln,  Santa  Fe,  and  Carson 
R   ,  =  Cn  +  CiH 

Cn    =  0.61725167  +  0.042365845D 


m 


Ci    =  0.00598501  -  0.00073445D 

^  m 

°~R       „  =    1.04518089  -  7. 88395198E-07D''  +  8.  39079873E-08D^ 

m,f  w  ni 

Engelmann  spruce-corkbark  fir  on  Lincoln,  Santa  Fe,  and 
Carson 


101 


0.9581 


R   ^  =  Cn  +  C] (D/H)- 


=  0.88977465  +  0.01260886D 

n 

=  2.02369991  +  0.00029092D 


m 


m 


Co 
Cl 

°^R   ,  =  1.09275293  +  1 .  66824359E-06D''  -  2 .  22920473E-07D^ 

m,J  m  m 

Ponderosa  pine  on  Coconino,  Tonto,  Lincoln,  Santa  Fe, 
and  Carson 
Vf  "  ^0  ^  Ci(D/H)2 
Co  "  =  1.025717571  -  0.01509060D 


m 


•1 


=    0.13600973    +    0.09709709D 


m 


"R   ,  =  0.997113216  -  0,0933001250   +  CnT^  +  CiP 

Cn    =  0.00564984  +  0.00079885D 

^  m 

Cl    =  0.002886816  +  0.02330013D 

■R   ,  =  1.01577735  -  1. 68401836E-06D^ 

m,j  m 


Douglas-fir  on  Lincoln,  Santa  Fe ,  and  Carson 


.0  +  CjH-l  +  CoH-lD^ 


-0 


0.552116849 
Cl    =  22.5535301 
C2    =  0.284962111 


91 


.9719 


937 


937 


.9968 


.9761 


118 


.9064 


"V.^ 


0.951125601  -  7.62321367E-04D'i  +  2. 09712628E-03d3 . 5 


Aspen  on  Santa  Fe  and  Carson 


R 


'm,f 


Co  +  CiH-^ 

1.143728271  -  0.08851433D 


184 


.9165 


Cl    =  -0.000006413  +  0.000018827D 
or  '  rn 


m,f 


1.07666448 


1.18133616E-03D'-- 

m 


White  fir  on  Santa  Fe ,  Carson,  and  Lincoln 

R   ^  =  Cn  +  Cl (H/D^) 

m,  f 


74 


,7286 


^0 
Cl 


0.6737112? 


+  0.055948391D 


m 


=    1.709640750  -  0.348134538D 


R   ^  =  0.983293776  -  2 . 40166266E-05D^ 

m,f  m 


Gross  Cubic  Foot  Stump  Volime — Unforked  and  Forked  Trees 

Unmerchantable  gross  cubic  foot  volume  is  composed  of  both  stump  volume  and  top 
volume.   Information  concerning  the  amount  of  top  wood  left  after  logging  can  be  very 
useful  for  residue  and  fire  assessments.   Weighted  least  squares  regression  was  used 
to  fit  the  following  gross  cubic  foot  stump  volume  equation: 


v^,  =.^0  -  g,^' 


where 


V   =  Predicted  gross  cubic  foot  stump  volume  in  an  unforked  or  forked  tree 

D   =  D.b.h.  in  inches. 

The  appropriate  regression  coefficients,  their  RMSQR,  and  the  number  of  trees  used  car 
be  found  in  table  6.  Stump  height  was  1.2  feet  on  the  Lincoln  National  Forest,  and  1. 
foot  on  the  other  National  Forests.  Methodological  details  can  be  found  in  appendix  \ 
Equations  for  predicting  d.b.h.  from  stump  diameter  have  been  reported  previously  by  i 
Hann  (1976). 


Table  6. — Unforked  and  forked  tree  gross  cubic  foot  stump  volume  data  base  and  regression  results 


Species 


National  Forest 


Niomber 

of 

trees 


Regression   coefficients 


?1 


Relative 

mean  squared 

residual 

(RMSQR) 


White  pine 
White  pine 
Engelmann  spruce-co: 
Yellow  pine 
Yellow  pine 
Blackjack  pine 
Blackjack  pine 
Douglas-fir 
Douglas-fir 
Aspen 
White  fir 
White  fir 


Santa  Fe ,  Carson 
Lincoln 
kbark  fir   Santa  Fe,  Carson 


18   -2.20720716E-02   6 . 02924330E-03 

42   -9.81087640E-03   6 . 92301900E-03 

161   -1.26475621E-02   6 . 47928905E-03 


Santa  Fe,  Carson,  Coconino,  Tonto    220  -7.19317815E-02  5. 21911020E-03 

Lincoln  11  -8. 93559070E-02  6. 21218970E-03 

Santa  Fe,  Carson,  Coconino,  Tonto    963  -8.24872240E-03  4.87880288E-03 

Lincoln  57  -3.04689829E-02  6.05850250E-03 

Santa  Fe,  Carson,  Tonto             115  7 . 56124690E-04  5. 27297220E-03 

Lincoln  93  -2 .21569699E-02  6. 09390425E-03 

Santa  Fe,  Carson                    145  5.55975850E-03  5. 30326265E-03 

Santa  Fe ,  Carson                     66  -6. 57525870E-03  5 .48812315E-03 

Lincoln  48  -3.25893626E-02  6. 52844110E-03 


0.0553 
.0159 
.0658 
.0417 
.0351 
.0505 
.0268 
.0648 
.0311 
.0797 
.0512 
.0171 
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Gross  International  1/4-Inah  Board  Foot  Volume — Un forked  Trees 

Gross  International  1/4-inch  board  foot  volume  to  a  6-inch  top  in  an  unforked  tree 
is  predicted  by 


where 


V 


m(6") 


^I/C 


Predicted  gross  International  1/4-inch  board  foot  volume  to  a  6-inch  top 
in  an  unforked  tree 

Predicted  gross  merchantable  cubic  foot  volume  to  a  6-inch  top  in  an 
unforked  tree 

Predicted  ratio  of  actual  gross  International  1/4-inch  board  foot  volume 
to  a  6-inch  top  in  an  unforked  tree  divided  by  predicted  gross  merchant- 
able cubic  foot  volume  to  a  6- inch  top  in  an  unforked  tree. 


This  equation  was  fitted  using  weighted  least  squares  regression  through  the  origin, 
The  resulting  ratio  equations,  Rj/p,  are  of  the  form: 


where 


'I/C 


D.b.h.  in  inches, 


diD 


-1 


doD 


-2 


d^D' 


The  sp-NF  specific,  weighted  regression  coefficients  for  R-r/p*  their  RMSQR,  and  the 
number  of  trees  used  can  be  found  in  table  7.   The  coefficient  of  determination,  R  , 
is  also  included  to  help  bridge  several  gaps  where  comparable  values  of  RMSQR  were  not 
computed.   Methodological  details  can  be  found  in  appendix  VI. 


Table   7 .  — Unfoykerf  tree  groins   Interrupt  ioyia '    1  /4-  in-yh 
to   .J   C'-iyi.^^h   ^nr    m*".7  }'i?e  ani  renres:- 


hr^ard  f.-nt   :' 


National    Forest 


Numbe 

of 


Regression   coefficients 


rc-sidual 


ite  pine  Santa  Fe ,  Carson,  Lincoln 

gelmann  spruce-corkJbark  fir    Santa  Fe ,  Carson ,  Lincoln 

llow  pine  All 

ack]ack  pine  Lincoln,  Coconino,  Tonto 

ack-ack  pine  Santa  Fe ,  Carson 

aglas-fir  Lincoln,  Tonto 

aglas-fir  Santa   Fe ,    Carson 

pen  Santa  Fe ,  Carson 

ite  fir  Lincoln 

ite  fir  Santa  Fe ,  Carson 


39 

ft.6919R74S 

7.52011366 

216 

M8366 

0 

.  oo 

0.0  179 

117 

5.987  3f..?ftR 

9.84791839 

-300 

8128080 

2,855 

. 342464 

.  1018 

:ni 

7. 10051404 

7.97921881 

229 

556497 

.00 

-- 

613 

6.S47=.173fi 

7.69491322 

221 

17722f. 

.00 

.  ;i75  t 

208 

7.58122078 

8.51941410 

24  5 

097  5  35 

.00 

- 

102 

6.58735344 

.89271640 

241 

514909 

.00 

- 

70 

s. 59717456 

.89404735 

243 

877967 

.00 

.05,6 

B7 

C.6880H485 

-1.27685063 

-4 

5n48044 

1,42  3 

..«5244 

.9492 

40 

6.24687520 

7.01994022 

201 

9587285 

.90 

.O.'OO 

47 

5.73644537 

1 . 72093361 

74 

57178982 

.00 

.,,.j,.c 

11 


Gross  International  1/4-Inch  Board  foot  Volume— Forked  Trees 

The  model  for  gross  International  1/4-inch  board  foot  volume  to  a  6-inch  top  for 
forked  trees  is 

where 

V.  ^  =  Predicted  gross  International  1/4-inch  board  foot  volume  to  a  6-inch  top  in 
a  forked  tree 

V    =  Predicted  gross  International  1/4-inch  board  foot  volume  to  a  6-inch  top  in 
an  unforked  tree 

R  ^  =  Predicted  ratio  of  actual  gross  International  1/4-inch  board  foot  volume  to 
'•'        a  6-inch  top  in  a  forked  tree  divided  by  predicted  gross  International  1/4- 
inch  board  foot  volume  to  a  6-inch  top  in  an  unforked  tree. 

The  appropriate  equations  for  R  ^,  their  RMSQR,  the  number  of  trees  used,  and  the  meanj, 
ratio  R,  j,,    can  be  found  in  table  8.  Methodological  details  can  be  found  in  appendix  VII 


Table  8. — Forked  tree  gross  International  1/4-inah  board  foot  volume  data  base  and  regression  results 

Independent  variables 


D  =  D.b.h.  in  inches 

H  =  Total  tree  height  in  feet 


P  =  Height  to  first  fork  divided  by  H 
T  =  1  +  (number  of  forks) 


Species,  National  Forest,  and  regression  equations 


Mean 
R 


Number 

of 

trees 


Relative 

mean  squared 

residual 

(RMSQR) 


White  pine  on  Santa  Fe ,  Carson,  and  Lincoln 

R   ^=  2.21682508E-01  +  5 . 95430677E-05 (H ')  +  2 . 29900234 (H/d2) 

Engelmann  spruce-corkbark  fir  on  Santa  Fe,  Carson,  and  Lincoln 


^I,/ 


3.70906603E-01  +  7  .  71762038E+01(1/D '^j 


~"R   ,=  -.46864127  +  1 . 74260009 (H/D^)  +  1 . 46864127 (P) 

Yellow  pine  on  Lincoln,  Coconino,  Tonto,  Santa  Fe,  and  Carson 
R   ,  =  1.16393889  -  2 . 03944633 (D/H) ^ 

Blackjack  pine  on  Lincoln,  Coconino,  and  Tonto 
R   -=  5.49502730E-01  +  1 . 09541429E-01 (H/D) 

"■^R   ,=  .61350474  +  9.60847876E-02(H/D)  -  1 .  52902459E-01  (T) 
"""'•^    +  7.72990514E-01(P)  -  3 .  86495257E-01  (p2) 


1 

16873 

17 

1 

23734 

16 

1 

23734 

16 

.99776 
.99776 


62 
62 


.4278 
.4154 


.8895 
.8238 


Blackjack  pine  on  Santa  Fe  and  Carson 

R   ,  =  4.15854140E-01  +  8 . 37338276E+01 (1/D') 

Douglas-fir  on  Santa  Fe ,  Carson,  and  Lincoln 
Rj_.,  =  5.38416406E.O2(H-^-^°'^^''°") 

Aspen  on  Santa  Fe  and  Carson 


White  fir  on  Santa  Fe ,  Carson,  and  Lincoln 


R   ^=  6.81631222E-01  +  1 . 35049045E-02 (D) 
■^R^  ^-  =    3,05788475E-01  +  2 .  34528327E-05  (H^)  +  6. 94211525E-01  (P) 


1.03576 

63 

.7438 

2.12047 

20 

.7158 

1.08110 

31 

.9188 

.95691 

12 

.7677 

.95691 

12 

.7643 
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OSS  Soribner  Board  Foot  Yolwme — Unforked  Trees 

Gross  Scribner  board  foot  volume  to  a  6-inch  top  in  an  unforked  tree  is  predicted  by 


V, 


V   ><  R  , 
I    S/I 


ere 

V  =  Predicted  gross  Scribner  board  foot  volume  to  a  6-inch  top  in  an  unforked 

tree 

V  =  Predicted  gross  International  board  foot  volume  to  a  6-inch  top  in  an 

unforked  tree 

R„  ,^  -  Predicted  ratio  of  actual  gross  Scribner  board  foot  volume  to  a  6-inch  top 
in  an  unforked  tree  divided  by  predicted  gross  International  1/4-inch  board 
foot  volume  to  a  6-inch  top  in  an  unforked  tree. 

ke  International  1/4-inch  board  foot  volume,  this  equation  was  fitted  using  weighted 
ast  squares  regression  through  the  origin.   The  resulting  ratio  equations,  Rc/t>  ^'^^e 
the  form: 


S/I 


-\  1,17774! 

eg  -  ^iD    -  62^ 


SoD 


-2 


ere 


D  =  D.b.h.  in  inches. 

e  sp-NF- specific ,  weighted  regression  coefficients  for  Rq/j'  their  RMSQR,  and  the 

mber  of  trees  used  can  be  found  in  table  9.   Methodological  details  can  be  found  in 
pendix  VIII. 


Table  9 .--Unforked  tree  gross  Scribnei^  hoard  fr>ot  volunc   to   ,7  'j-hioh   tor  dato  hii^e  and  reorecc'cK  r'-^rultr- 


National  Forest 


Number 

of 

trees 


Peqression  coef  f  i  ci  ent-^ 


te  pine  Santa  Fe,  Carson,  Lincoln 

elmann  spruce-corkbark  fir   Santa  Fe ,  Carson,  Lincoln 

low  pine  All 

ckjack  pine  Lincoln,  Coconino,  Tonto 

ckjack  pine  Santa  Fe,  Carson 

glas-fir  Lincoln,  Tonto 

glas-fir  Santa  Fe ,  Carson 

en  Santa  Fe ,  Carson 

te  fir  Lincoln 

te  fir  Santa  Fe ,  Carson 


32 

1.00608608 

2 

.38465985 

0.00 

0 

00 

'1 .  9204 

71 

.878453705 

.00 

.00 

15 

9984577 

.  li  38 

200 

.982101210 

926027395 

.00 

14 

49443523 

.■'•■iH': 

402 

.96579222 

.40579028 

.00 

16 

93678414 

.10  3  5 

168 

.993986685 

1 

.463486622 

.00 

12 

40584877 

.  1  1  JO 

83 

1.000897473 

.00 

4.100072359 

0 

'' 

.0324 

48 

.870259997 

.00 

.00 

19 

4'V9419  3 

.n455 

38 

.887891 

00 

.00 

17 

19 '74 

.-an 

36 

1.0 

1 

.88814412 

.00 

H 

H5144911 

."233 

31 

1.01724769 

1 

87056853 

.00 

8 

51445088 

."37^ 
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Gross  Saribnev  Board  Foot  Volume — Forked  Trees 

The  model  for  gross  Scribner  board  foot  volume  to  a  6- inch  top  for  forked  trees  is 

's.f  -  "s  X  «s,/ 

where 

V  -  =  Predicted  gross  Scribner  board  foot  volume  to  a  6-inch  top  in  a  forked  tree 

V  =  Predicted  gross  Scribner  board  foot  volume  to  a  6- inch  top  in  an  unforked 

tree,  and 

R    =  Predicted  ratio  of  actual  gross  Scribner  board  foot  volume  to  a  6-inch  top 
'•^   in  a  forked  tree  divided  by  predicted  gross  Scribner  board  foot  volume  to 
a  6-inch  top  in  an  unforked  tree. 

The  appropriate  equations  for  R  ^,  their  RMSQR,  the  number  of  trees  used,  and  the  mean 

ratio,  R„  ^,  can  be  found  in  table  10.   Methodological  details  can  be  found  in  appendix 
IX.      '•'  9 


Table  10. — Forked  tree  gross  Scribner  board  foot  volume  to  a  6-inah  top  data  base  and  regression  results 

Independent  variables 
D  =  D.b.h.  in  inches  P  =  Height  to  first  fork  divided  by  H 

H  =  Total  tree  height  in  feet  T  =  1  +  (number  of  forks) 


Species,  National  Forest,  and  regression  equations 


Mean 


Number 

of 

trees 


Relative 

mean  squared 

residual 

(RMSQR) 


White  pine  on  Santa  Fe ,  Carson,  and  Lincoln 

R   _^  =  6.69426337E-01  +  1 .  41693541E-02  (H)  -  3  .  10631659E-02  (D) 
S ,  J 

Engelmann  spruce-corld^ark  fir  on  Santa  Fe,  Carson,  and  Lincoln 
R   ^  =  3.27406045E-01  +  9. 24980748E+01 (l/D^) 

""^R   „  =  -0.53128818  +  2  .  17203301E-02  (D)  -  1 .  53128818  (P^)  +  3.06257636  (P) 
'/ 

Yellow  pine  on  Lincoln,  Coconino,  Tonto,  Santa  Fe,  and  Carson 
R   „=  1.16596696  -  2 . 01070651 (D/H) ^ 

£><  J 

Blackjack  pine  on  Santa  Fe  and  Carson 

Rg  -  =  4.24761670E-01  +  1 . 23016529E-01 (H/D) 

or   '  o 

R   -=  6.97723772E-01  -  1 . 79745211E-02  (D)  +  8. 11255589E-05 (H^) 

'•'    +  3.02276228E-01(P) 


1.00494      14 


.98096      11 
.98096      11 


.96266      31 


.86497      53 
.86497      53 


0.5093 


.9191 
.3868 


.7025 


.8029 
.7426 


Blackjack  pine  on  Lincoln,  Coconino,  and  Tonto 

R   ^  =  1.50684356  -  1. 94318670 (D/H) 

or 

R   „=  5.46618888E-01  +  1. 15209503E-01 (H/D)  -  1. 75749455E-01 (T) 

'■'         -   4.53381112E-01(p2)  +  9. 06762224E-01  (P) 


1.00836 
1.00836 


59 
59 


.8484 
.7476 


Douglas-fir  on  Santa  Fe,  Carson,  and  Lincoln 

R   „  =  6.39052346E-01  +  1 .18994308 (H/D^) 

S ,  J 

Aspen  on  Santa  Fe  and  Carson 

R   ^  =  4.03747500E-01  +  1 . 17109771E-01 (H/D) 

White  fir  on  Santa  Fe,  Carson,  and  Lincoln 

R   ^  =  6.31636481E-01  +  1. 50605156E-02 (D) 

S  ,  j 


.99510 


1.01472 


.93862 


17 


15 


12 


.6622 


.7935 


.7142 
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'et  voliwies .--The   general    form  of  the  net   volume   equations    is   the   same    for  all    volume 
pes: 

NV  =  V[1.0    -    (PrC)    (FC)] 

ere 

NV  =  Predicted  net  volume  of  an  unforked  or  forked  tree 

V  =  Predicted  gross  volume  of  an  unforked  or  forked  tree 

PrC  =  Predicted  probability  that  a  tree  of  given  characteristics  will  have  some 

cull  (that  is,  the  probability  that  the  tree  will  be  unsound) 
FC  =  Predicted  fraction  cull  of  a  tree  given  that  it  does  have  some  cull. 

e  product  (PrC)  (FC)  estimates  the  average  cull  proportion  for  any  tree  of  given  char- 
teristics.   The  advantage  of  separating  the  average  cull  rate  into  its  components  is 
e  added  flexibility  it  provides  when  sampling  a  stand  or  forest.   This  method  not  only 
lows  the  user  to  predict  average  cull  proportion,  but  it  also  allows  him  to  separate 
e  sampled  population  into  completely  sound  and  unsound  trees.   For  example,  suppose  a 
mple  tree,  X^.,  represents  n.   trees  of  the  same  characteristics.   The  values  PrC  and 

are  computed  for  the  sample  tree's  characteristics  and  then  the  following  estimates 
e  made: 

Number  of  sound  trees  =  n^.  (1.0  -  PrC) 

Number  of  unsound  trees  =  n.{PrC) 

Net  volume  in  one  sound  tree  =  V   y    (1.0) 
Net  volume  in  one  unsound  tree  =  V  x  (1.0  -  FC) 
Total  net  volume  in  sound  trees  =  V  x  n.(1.0  -  PrC] 

Total  net  volume  in  unsound  trees  =  V  x  n^(PrC)  (1.0  -  FC) 

ere 

V  =  Gross  volume  of  a  tree  of  given  characteristics. 

is  obvious  that  this  kind  of  data  provides  the  forest  manager  with  much  more  infor- 
tion  concerning  the  structure  of  a  population's  net  volume  than  does  average  cull 
oportion. 

As  mentioned  earlier,  for  a  given  species.  National  Forest,  and  volume  tv^pe,  the 
ecific  equations  chosen  for  PrC  and  FC  are  not  determined  on  a  tree-by-tree  basis, 
t  rather  by  the  type  of  information  collected  during  sampling.   In  addition  to  d.b.h. 
d  total  tree  height,  there  are  two  types  of  additional  information  that  a  user  could 
llect  and  use.   One  is  the  forking  information  previously  discussed  and  the  other  is 
formation  about  tree  damaging  agents.  The  specific  equations  chosen  will  depend  upon 
ether  the  user  collects  all,  one,  or  none  of  these  additional  pieces  of  information, 
ce  the  choice  has  been  made,  the  equations  will  then  apply  to  all  trees,  whether  they 
unforked,  forked,  undamaged,  or  damaged. 
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Probability  of  a  Tree  Being  Unsound  in  Cubic  Foot  Volume — Unforked  and  Forked  Trees 


1 


The  model  form  for  the  probability  of  a  tree  being  unsound  in  cubic  -^oor  volume  to 
be  applied  to  both  total  stem  and  merchantable  predictions  is 

-X 
PrC  =  1.0/(1.0  +  e  ^) 

where 

PrC  =  Predicted  probability  of  a  tree  being  unsound  in  cubic  foot  volume 

X    =  A  function  of  the  tree's  measured  attributes. 
a 

Weighted,  nonlinear  regression  procedures  (Hamilton  1974)  were  used  to  determine 
the  equations  for  X  .   The  resulting  equations,  along  with  the  number  of  trees  used,  an 

presented  in  table  11.   An  F-statistic  was  used  to  test  the  significance  of  the  models. 
The  equation  for  blackjack  pine  on  the  Lincoln  National  Forest  was  significant  at  the 
95  percent  level,  and  all  other  equations  were  significant  at  the  99  percent  level. 
Methodological  details  can  be  found  in  appendix  X. 
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Table  11, — Pvobabititij  of  a  tree  being  unsound  in 
cubic  foot  volwve--regression  resulto 

Independent  variables 
D  =  D.b.h.  in  inches   H  =  total  tree  height  in  feet   T  =  1  +  (number  o^    fc'rk  0 


^         ■           «,  j_-Tr.     J.           J         •        ^-                                  iNumber  of 
Species,  National  Forest,  and  regression  equations 
:   tree^. 

White  pine  on  Santa  Fe ,  Carson,  and  Lincoln 

X^=  -2.955536  +  0.05898932H  60 

X^=  -3.765521  +  0.05932042H  +  0.6089821T  60 

Engelmann  spruce  on  Santa  Fe,  Carson,  and  Lincoln 

X^=  -1.655268  +  0,001678439DH  136 

X^=  -2.931385  +  0.1798041D  +  0.3704742T  136 

Corkbark  fir  on  Santa  Fe  and  Carson 

X£j=  -2.994364  +  0.3277421D  35 

X^=  -5.310682  +  0.3746394D  +  1.414157T  35 

Yellow  pine  on  Santa  Fe  and  Carson 

X^=  0.9767974  +  0.03559618D  53 

Yellow  pine  on  Lincoln,  Coconino,  and  Tonto 

Xq=    0.3547862  +  0.003783644D  179 


Blackjack  pine  on  Coconino 

X^  =  -5.640547  +  0.04713862H  306 

X^  =  -6.206244  +  0.04502878H  +  0.6055332T  306 

Blackjack  pine  on  Lincoln 

X^  =  -2.672635  +  0.05792241H  57 

Blackjack  pine  on  Tonto 

X^  =  -4.768802  +  0.2093156D  380 

Blackjack  pine  on  Santa  Fe  and  Carson 

X^  =  -1.418322  +  0.00006223427d2h  283 

X^_  =  -3.627838  +  0.1540565D  +  0.6277967T  283 

Douglas  fir  on  Lincoln  and  Tonto 

X^  =  -1.606318  +  0.0008139147DH  114 


Douglas-fir  on  Santa  Fe  and  Carson 
X^  =   -2.591351  +  0.1359878D 

X^  =  -2.919862  +  0.001301024DH  +  0.8573843T  96 


Xf.  =   -2.591351  +  0.1359878D  96 


Aspen  on  Santa  Fe  and  Carson 

X^  =  1.202390  +  0.2220774D  146 

White  fir  on  Lincoln 

Xe  =  -1.730640  +  0.1221281D  48 

White  fir  on  Santa  Fe  and  Carson 

Xc   =    -3.118569  +  0.04665243H  (=6 
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Fraction  Cull  in  Total  Stem  Cubic  Foot  Volume  Given  the  Tree  is  Unsound — Unforked  and 
Forked  Trees 

To  predict  the  fraction  of  an  unsound  tree's  total  stem  cubic  foot  volume  that  is 
in  cull,  the  following  functional  relationship  is  used: 

Y, 
FC^  =  /z^Cl.O  -  e  ^) 

where 


FC^  =  Predicted  fraction  cull  in  total  stem  cubic  foot  volume  given  the  tree  is 
unsound 

h,      =  a  constant 

Y   =  A  function  of  the  tree's  measured  attributes. 

The  sp-NF  specific  values  and  functions  of  h     and  Y  ^  respectively,  the  number  of  trees 

used,  and  the  resulting  RMSQR  values  are  found  in  table  12.   An  examination  of  the  RMSQR 
values  indicate  that  many  of  the  equations  might  not  reduce  the  squared  deviations  more 
than  a  mean  value  of  FC, .  This  is  due  both  to  the  general  difficulty  of  modeling  cull 
rates  and  to  the  relatively  small  number  of  sample  trees  with  cull.   It  is  felt, 
however,  that  the  equations  do  represent  cull  trends  in  at  least  the  sample  trees  and 
that  they  also  seem  to  behave  reasonably  well.   It  is  recommended,  therefore,  that  the 
equations  be  used  but,  for  those  who  choose  not  to  do  so,  mean  values  of  FC  have  also 

been  included  in  table  12.  Methodological  details  can  be  found  in  appendix  XI. 


Table  12. ~ -Fraction  cyull  in  total  stem  cubic  foot  volione,   given  the  tves 
is  uneound^   data  base  and  regression  results 


Independent  variable 


D  =  D.b.h.  in  inches 


H  =  Total  tree  height  in  feet 


Species,  National  Forest,  and  regressi 


White  pine  on  Santa  Fe,  Carson,  and  Lincoln 
h     =  0.573840391 

y   =  (-7.66323806E-04)d2 

Engelmaim  spruce  on  Santa  Fe,   Carson,   and  Lincoln 
h     =   0.938462956 

Y  -   -3.O1894250E-01   +   4 . 30560743E-03 (H) 

-6.43668344E-04(d2i 

Corkbark  fir  on  Santa  Fe  and  Carson 
h^   =  0.961637598 

V  =  1.36557290E-01  -  5.67626653E-02 (-) 

Yellow  pine  on  Lincoln,  Coconino,  Tonto,  Santa  Fe,  and  Carson 


Number 
of 
trees 


0.14358      34 


.13981      44 


.09807      21 


Relative 

mean  squared 

residual 

(RMSQR) 


Y  =  (-1.63671565E-01)  +  (3. 25503506E-05)DH 

Blackjack  pine  on  Lincoln,  Coconino,  and  Tonto 

h     =  0.970852066 

Y  =  (-9.71749091E-03)  -  (6. 33508782E-07)d2h 

Blackjack  pine  on  Santa  Fe  and  Carson 
h^   =■  0.959154988 

Y^  =  (-2.67485517E-02)  -  (7.47306053E-02)H/D^ 

Douglas-fir  on  Santa  Fe,  Carson,  Lincoln,  and  Tonto 
h_^   =  0.236595402 

Y^  =  (-2.74212212E-01)  -  (6.75308810E-06ID^H 

Aspen  on  Santa  Fe  and  Carson 

h^   ■=  0.885502084 

Y^  =  (-2.1547562E-01)  -  (9. 32233189E-03)D^  +  (1. 31076200E-03)DH 
White  fir  on  Santa  Fe,  Carson,  and  Lincoln 
h     =   0.440697488 

Y,  =  (-1.21221834E-03)D^ 


.09303     154 


.01878      80 


.04676      90 


.08489      66 


.28482     139 


.15895      51 


18 


ction  Cull  in  Merchantable  Cubic  Foot  Volume  Given  the  Tree  Is  Unsound — Unforked  and 
'ked  Trees 

The  following  model  form  is  used  to  predict  the  fraction  of  an  unsound  tree's  mer- 
ntable  cubic  foot  volume  that  is  cull: 

Y 

FC  =   h    {l.O   -   e^^) 

mm 

re 

FC  =  Predicted  fraction  cull  in  merchantable  cubic  foot  volume  to  a  specified  top 
m 

diameter  given  the  tree  is  unsound 

h       =  A  constant 

m 

Y   =  A  function  of  the  tree's  attributes  and  a  specified  top  diameter  between  3 
and  8  inches,  inside  bark. 

appropriate  values  of  h  and  functions  for  Y  ,  the  number  of  observations  used,  and 

'  ^  ^  m  m 

resulting  RMSQR  values  are  found  in  table  13.   KTiile  these  models  are  recommended 
use,  equations  predicting  mean  FC  as  a  function  of  top  diameter  are  also  included 

table  13  for  those  who  choose  not  to  use  the  FC   equations.   Methodological  details 
be  found  in  appendix  XII. 
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Table  13. — Fraction  cull  in  merohantable  aubia  foot  volume,   given 
the  tree  is  unsound,   data  base,   and  regression  results 


D  =  D.b.h.  in  inches 


Independent  variables 

D  =  Top  diameter,  inside  bark,  in  inches 


H  =  Total  tree  height  in  feet 


Species,  National  Forest,  and  regression  equations 


Number 

of 

"observations 


Relative 
:mean  squared 
residual 
(RMSOR) 


White  pine  on  Santa  Fe,  Carson,  and  Lincoln 

h      =   0.525456732 
m 

2 


Y   =  J,D 

m  1 


204 


0.8386 


^7 


J,  =  -7.62194840E-04  -  1.72E-10D' 
or  ^  m 

FC   =  0.139967204  +  1 .40417133E-07D^ 

m  m 

Engelmann  spruce  on  Santa  Fe ,  Carson,  and  Lincoln 

h     =    0.809722162 

m 

\  =  J'o  +  <7>  -f  J2D2 
Jg  =  -4.79663334E-01 
J^  =  5.99578762E-03 

J„  =  -3.54716909E-04  -  2 . 30591722E-05D 

or   2  m 

FC   =  1.10092261E-01  +  4  .  70167336E-04d'^ 

m  m 

-8.80762813E-05d5  +  4 .83607897E-07D^ 

m  m 

Corkbark  fir  on  Santa  Fe  and  Carson 

h     =   0.945856475 

m 


246 


.8881 


\   =   J'o    +  Jl"/D 


Jo 


120 


.8010 


-2.04082904E-02  +  4 . 51477415E-02D 


m 


Ji  =  -1.16845115E-02  -  1. 29460840E-02D 
or   ^  m 

FC   =  7.39331940E-02  +  6 . 95210968E-03D 

m  m 

Yellow  pine  on  Lincoln,  Coconino,  Tonto,  Santa  Fe, 
and  Carson 

h      =   0.912935298 

m 

m       '^  0       '^  I 

Jn  =  -1.67513064E-01  -  2.39E-07D^ 

u  m 

Jl  =  3.368982527E-05  +  8.684E-llD^ 
or  m 

FC   =  9.41334189E-02  +  4 . 35158264E-06d2 

m  m 

Blackjack  pine  on  Lincoln,  Coconino,  and  Tonto 

h     =    0.294142214 

m 

m         0   '^  1 

JO  =  -3.39989415E-02  +  1 .48516345E-04d2 

m 

oj-  j\    =   -2.19796372E-06  -  8 .  55224950E-09d2 

m 
FC   =  1.92501222E-02 


924 


.9696 


475 


,9351 


>con. 
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Table  13. — (ocr. ) 


Species,  National  Forest,  and  regression  equations 


Number 

of 

'observations 


Relative 
:iT\ean  squared 
residual 
(W-1S0R) 


Blackjack  pine  on  Santa  Fe  and  Carson 

h      =  0.943058463 

m 

Y„  =  Jo  +  JlH/D" 

Jn  =  -1.80176132E-02  -  1.62628643E-06Df 

^  n 

+  2.00018357E-07D'' 

m 

Jl  =  -9.68124280E-02  +  6. 49858343E-06Df: 


-8.00723544E-07D 


or 
FCp^  =  4.19699099E-02  +  1 .  20336014E-05D,)^ 

-3.54771919E-06d'^  +  2  .  55488876E-07D^ 

m  m 

Douglas-fir  on  Santa  Fe,  Lincoln,  and  Tonto 

h      =  0.243391121 

m 


Y„  =  Jo  +  JlD-H 

Jo  =  -2.80555445E-01  -  1 . 2792366E-06D 


6 


+  1.24888494E-07D 


Jl  =  -5.87585480E-06  +  8 . 02594124E-11D ^ 
or  ^  m 

FC   =  7.88426507E-02  +  4 . 88150784E-05d3 

m  m 

Aspen  on  Santa  Fe  and  Carson 
}i     =    0.881568805 


532 


0.9864 


390 


,9785 


=  Jo  +  Ji°^  +  J2D" 

=  1.77859273  -  1.933308920^ 
+  4.42422923E-01D_ 


m 


682 


,7639 


Jl 


-9.36182562E-03  +  2 . 23064483E-08D6 


-3.90157892E-09D 


7*   =  1.38034680E-03  +  9 .  42523449E-11d7 
or''  2  m 

FC^^  =  2.87277280E-01  +  5  .  42205159E-04D^^,- 5 

White  fir  on  Santa  Fe ,  Carson,  and  Lincoln 
hfri   =  0.438946854 

Y^  =  J'id' 

j^    =    -1.211898445E-03  -  9.066E-09d'^ 


or 

FC 


1.54156056E-01  +  8.  17555326E-06D'+ 

m  m 


301 


,8046 
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Probability  of  a  Tree  Being  Unsound  in  Board  Foot  Volvone — Unforked  and  Forked  Trees 

The  probability  of  a  tree  being  unsound  in  board  foot  volume,  to  be  applied  to  both 
International  1/4-inch  and  Scribner  board  foot  predictions,  is  predicted  by 

PrC„  =  1.0/(1.0  +  e  ^) 

D 

where  * 

PrCp  =  Predicted  probability  of  a  tree  being  unsound  in  board  foot  volume 

D 

X    =  A  function  of  d.b.h.,  total  tree  height,  number  of  tree  tips,  and  the 
presence  or  absence  of  significant  damage. 

The  equations  for  X  were  also  fitted  using  weighted,  nonlinear  regression  procedures, 
and  the  results  are  given  in  table  14,  along  with  the  number  of  trees  used.   Again,  the 
equation  for  blackjack  pine  on  the  Lincoln  National  Forest  proved  to  be  significant  at 
the  95  percent  level,  whereas  all  the  other  equations  were  significant  at  the  99  percent 
level . 

Two  damaging  agents,  sweep  (or  crook)  and  porcupine,  proved  to  be  useful  in  predict- 
ing whether  a  tree  was  sound  or  not.   A  damaging  agent  is  recorded  only  if  it  is  severe 
enough  to  (1)  prevent  the  tree  from  surviving;  (2)  preclude  the  production  of  a  market- 
able product;  or  (3)  diminish  the  quality  or  quantity  of  that  product.   Damage  is 
entered  into  the  equations  through  the  usage  of  dummy  variable (s).   If  the  tree  has  the 
particular  damage,  the  dummy  variable  is  set  to  1.0,  otherwise  it  is  0.   Only  one  damag- 
ing agent  is  recorded  per  tree,  and,  therefore,  equations  with  two  or  more  dummy  variable- 
in  them  would  have  at  most  only  one  of  them  set  to  1.0  and  the  rest  to  0.   Methodological!: 
details  can  be  found  in  appendix  XIII. 
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Table  14. — Probability  of  a  tree  being  unsound  in 
board  foot  volume--regression  resulta 

Independent  variables 
D  =  D.b.h.  in  inches   H  =  total  tree  height  in  feet   T  =  1  +  '^number  of  forks) 
S  =  1.0  Tree  with  sweep  or  crook     Pd  =  1.0   Tree  with  porcupine  damage 

0.0  Tree  with  no  sweep  or  crook     =  0.0   Tree  with  no  porcupine  damage 


Species,  National  Forest,  and  regression  3quations 


rNumber  of 
:   trees 


White  pine  on  Santa  Fe ,  Carson,  and  Lincoln 


B 


-4.421720  +  0.1001612H 


Engelmann  spruce  on  Santa  Fe ,  Carson,  and  Lincoln 

X   =  -2.057921  +  0.1664132D 
or 

X   =  -2.412705  +  0.1689685D  +  0.2973478T 

Corkbark  fir  on  Santa  Fe  and  Carson 

X   =  -2.724328  +  0.3295897D 
B 

Yellow  pine  on  Santa  Fe  and  Carson 


X 


B 


1.416597  +  0.08953296D 


Yellow  pine  on  Lincoln,  Coconino,  and  Tonto 

X   =  -0.3255527  +  0.09002528D 
B 

Blackjack  pine  on  Coconino 

X   =  -3.790069  +  0.002540676DH 

Blackjack  pine  on  Lincoln 

X^  =  -1.195571  +  0.03548680H 
B 

Blackjack  pine  on  Tonto 

X^  =  -4.866131  +  0.06649043H 
B 

Blackjack  pine  on  Santa  Fe  and  Carson 
or 


X^  =  -3.023414  +  0.05290037H 


x„ 

or     B 


-3.551965  +  0,18069990  +  0.6451722T 


or 


X   =  -3.650835  +  0.06016044H  +  1.278169(Pd)  +  1.785158S 
X   =  -3.625993  +  0.1844583D  +  0.5517561T  +  1.474701S 


Douglas  fir  on  Lincoln  and  Tonto 
X   =  -4.201783  +  0.3419626D 
Douglas-fir  on  Santa  Fe  and  Carson 


X, 


X. 


B 


-1.185559  +  0.0001857571D'^H 

-1.363273  +  0.0001709440d2h  +  2.305584S 


Aspen  on  Santa  Fe  and  Carson 


X 


B 


-3.889285  +  0.9000166D 


White  fir  on  Lincoln 

X   =  -2.260617  +  0.05019542H 
B 

White  fir  on  Santa  Fe  and  Carson 

X   -2.955732  +  0.2320741D 
B 

^B  =  -3.023744  +  0.2225154D  +  1.260367S 


56 

103 

10  3 

31 

53 
179 
260 

49 

320 

271 
271 
271 
271 

106 

84 
84 

119 

45 

54 

54 
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Fraction  Cull  in  International  1/4-Inoh  Board  Foot  Volume  Given  the  Tree  Is  Unsound— 
Unforked  and  Forked  Trees 

To  predict  the  fraction  of  an  unsound  tree's  International  1/4- inch  board  foot  vol- 
ume that  is  in  cull,  the  following  model  is  used: 

Y, 


FCj  =  h^{e 


I 


where 


FC  = 


Y 


Predicted  fraction  cull  in  International  1/4-inch  board  foot  volume  to  a 
6-inch  top  given  the  tree  is  unsound 

A  constant 

A  function  of  the  tree's  attributes. 


specific  values  and  functions  of  h     and  Y   respectively,  the  number  of  trees 


The  sp-NF 

used,  and  the  resulting  RMSQR  values  are  found  in  table  15.   The  models  for  Engelmann 

spruce  and  corkbark  fir  were  too  poor  to  be  useful  and,  therefore,  only  their  mean  FC 

values  are  included 

found  in  table  15. 


Mean  values  of  FC   for  the  other  sp-NF  combinations  are  also 
Methodological  details  can  be  found  in  appendix  XIV. 


Table  15. — Fraction  cull  in  International  1/4-inah  board  foot  volwve, 

given  the   tree  is  unsound,   data  base,   and  regression  results 

Independent  variables 
D  =  D.b.h.  in  inches     H  =  Total  tree  height  in  feet 


Species,  National  Forest,  and  regression  results 


Mean 
FC, 


Number 

of 

trees 


Relative 
mean  square^ 
residual 
(RMSQR) 


White  pine  on  Santa  Fe ,  Carson,  and  Lincoln 
h     =   0.181977197 

^I  =  9.53653005E-04(d2) 
Engelmann  spruce  on  Santa  Fe ,  Carson,  and  Lincoln 
No  model — Use  mean  FC 

Corkbark  fir  on  Santa  Fe  and  Carson 
No  model--Use  mean  FC 


Yellow  pine  on  Santa  Fe,  Carson,  Lincoln,  Coconino,  and  Tonto 
1.05452734 

■1.89706097E-02 (H) 


h      =   1.05452734 


Blackjack  pine  on  Lincoln,  Coconino,  and  Tonto 
h      =  0.420800123 

Y^  =  -1.74436591E-02{H) 

Blackjack  pine  on  Santa  Fe  and  Carson 
h     =  0.467888236 

Y   =  -1.89407426E-01(H/D) 

Douglas-fir  on  Santa  Fe ,  Carson,  Lincoln,  and  Tonto 
h      =  0.839814911 

Y^  =  -2.92010520E-01(H/D) 

Aspen  on  Santa  Fe  and  Carson 
h     =  1.39801055 

Y^  =  -8.79518535E-03(H) 


White  fir  on  Santa  Fe ,  Carson,  and  Lincoln 
h     =  0.251235533 

Y^  =  5.01411097E-06(d2h) 


0.30592  39 

.41094  45 

.55402  21 

.28490  202 

.15676  138 

.22145  114 

.26258  116 

.89429  114 

.34497  62 


0.9776 


.9199 


.9430 


.9992 


.9479 


.9364 


.9972 
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nation  Cull  in  Sorihner  Board  Foot   Volwne  Given   the  Tree  Is  Vnooun<l--UnforPfd  rjid 
rked  Trees 

The  following  model  form  is  used  to  predict  the  fraction  of  an  unsound  tree's 
ribner  board  foot  volume  that  is  cull: 

ere 

FC„  =  Predicted  fraction  cull  in  Scribner  board  foot  volume  to  a  6- inch  top  j^i'/cn 
the  tree  is  unsound 

h„     =  A  constant 

Y   =  A  function  of  the  tree's  attributes. 

e  appropriate  values  of  h     and  functions  for  Y   respectivel}',  the  number  of  trees 

ed ,  and  the  resulting  RMSQR  values  are  found  in  table  16.   Again,  the  models  for 
gelmann  spruce  and  corkbark  fir  were  too  poor  to  be  useful  and,  therefore,  only  their 
an  FC  values  are  included.   Several  other  models  proved  to  be  no  better  than  the  mean 
the  user  may  also  want  to  use  the  mean  FC  values  in  table  16  rather  than  the  models. 

thodological  details  can  be  found  in  appendix  XV. 


Table  16. — Fraction  cull    in  Scfikner  hoard  foot   volwne,    .jiven   the   tree 
is  unsound,   data  base,   and  regression  results 


Independent  variables 


D.b.h.  in  inches 


H  =  Total  cree  height  in  feet 


Species,  National  Forest,  and  regression  results 


Mean 
FC_ 


Number 

of 

trees 


Relative 

mean  squared 

residual 

(RMSQR) 


.te  pine  on  Santa  Fe,  Carson,  and  Lincoln 
I      =    0.245464500 

•   =  9.55078847E-04(D-) 

[elmann  spruce  on  Santa  Fe ,  Carson,  and  Lincoln 
No  model — Use  mean  FC„ 

•kbark  fir  on  Santa  Fe  and  Carson 
No  model — Use  mean  FC 

low  pine  on  Santa  Fe,  Carson,  Lincoln,  Coconino,  and  Tonto 
=  1.38266375 

=  -1.94422273E-02(H) 

ckjack  pine  on  Lincoln,  Coconino,  and  Tonto 
=  0.617372520 

=  -1.96681561E-02(H) 

ckjack  pine  on  Santa  Fe  and  Carson 
=  0.646540139 

=  -2.20260760E-01(H/D) 

iglas-fir  on  Santa  Fe,    Carson,    Lincoln,    and   Tonto 
:^  =   1.24325723 

■      =    -3.45196887E-01(H/D) 

■en  on  Santa  Fe  and  Carson 
:   =  1.23056500 

=  -5.46784441E-03(H) 

te  fir  on  Santa  Fe,  Carson,  and  Lincoln 
:   =  0.294076429 

■,  =  4.60611418E-06(d2h) 


0.41683       39       1.0027 


.42864       45 


.57057       21 


,36288      202        .9028 


.20529      138        .9310 


,27296      114       1.0062 


,31653      116        .9126 


,93059      114        .9904 


,39036       62       1.0026 
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DISCUSSION  AND  CONCLUSIONS 


A  summary  of  the  methodology  for  predicting  the  various  volume  types  is  given  in 
table  17.   The  advantage  of  this  approach  to  developing  volume  equations  is  that  it 
avoids  or  eliminates  many  of  the  problems  of  consistency,  compatibility,  reliability, 
and  flexibility  found  with  previous  sets  of  volume  equations.   The  disadvantage  is  thai 
the  method  does  not  lend  itself  well  to  hand  computations  of  tree  volumes.   To  minimize 
this  problem,  we  have  prepared  volume  tables  for  unforked  trees  ("Comprehensive  tree 
volume  equations  for  major  species  of  New  Mexico  and  Arizona:  II.   Tables  for  unforked 
trees").   For  those  with  access  to  a  computer,  a  FORTRAN  subroutine  has  been  written 
and  can  be  obtained  in  versions  for  the  CDC  6400  or  the  UNIVAC  1108  by  writing: 

Southwest  Volume  Subroutine 

Forest  and  Range  Evaluation  Unit 

Intermountain  Forest  and  Range  Experiment  Station 

507  -  25th  Street 

Ogden,  Utah  84401 


Table  17. — Summary  of  methodology  for  predicting  various   tree  volume  types 


Predicted  value 


Method  for  prediction 


Total  stem  gross  cubic  foot  volume,  unforked  trees 

Total  stem  gross  cubic  foot  volume,  forked  trees 

Merchantable  gross  cubic  foot  volume,  unforked  trees 

Merchantable  gross  cubic  foot  volume,  forked  trees 

Gross  International  1/4-inch  board  foot  volume,  unforked  trees 

Gross  International  1/4-inch  board  foot  volume,  forked  trees 

Gross  Scribner  board  foot  volume,  unforked  trees 

Gross  Scribner  board  foot  volume,  forked  trees 

Total  stem  net  cubic  foot  volxime,  unforked  trees 

Total  stem  net  cubic  foot  volume,  forked  trees 

Merchantable  net  cubic  foot  volume,  unforked  trees 

Merchantable  net  cubic  foot  volume,  forked  trees 

Net  International  1/4-inch  board-foot  volume,  unforked  trees 

Net  International  1/4-inch  board  foot  volume,  forked  trees 

Net  Scribner  board  foot  volume,  unforked  trees 

Net  Scribner  board  foot  volume,  forked  trees 


^t,/     =  \  '^  \,f 


NV^ 


V      -    V 

t        u 


V       ^  =   V      X    R       ^ 

m,f  m         m,f 

^l,/  =  ^l  ^  \,f 

\  =\^  \n 

\.f  =  ^s  "^  %.f 


V_^  X    [1   -    (Pre     X  FC,)  ] 

t  at 


NV      ^  =   V      ^  X    (1    -    (Pre  X   FC,)] 

ttj  t,j  a  V 

NV  =   V      X    (1    -    {Pre      X  FC    ) ] 

mm  am 

NV„    ^  =   V^    -  X    [1    -    (PrC^  X   FC„)] 

m,j         m,j  a  m 

NV^        =   V^    X    [1    -    (PrCg   X  FCj)] 

NV^     „  =   V^    ^  X    [1    -    (PrC„  X   FC^)] 
1,J              I, J                                      B  J. 

NVg         =    Vg    X     [1    -     (PrCg    X  FCg)] 
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Details  of  Methodology 

I.    Total  Stem  Gross  Cubic  Foot  Volume— Unforked  Trees 
The  basic  model  of 


V^  =  ao  +  aiD^H  [1 


where 


V  =  Predicted  total  stem  gross  cubic  foot  volume  in  an  unforked  tree 

D  -   D.b.h.  in  inches 

II  =  Total  tree  height  in  feet 

has  been  used  for  years  for  predicting  total  stem  gross  cubic  foot  volume  (Husch  1963) 
Weighting  this  model  by 

W  =  (D^H)'^  (2 

was  suggested  by  Cunia  (1964)  as  a  means  for  homogenizing  the  variance  about  regressio 
This  model  and  weighting  procedure  was  applied  to  each  sp-NF  combination  and  a  plot  of 
residuals  indicated  that  the  variance  was  homogenized  by  the  weighting.   However, 
Pearson's  beta  statistics  computed  for  each  equation  indicated  that  the  residuals  were 
not  normally  distributed.   This  problem  precluded  the  usage  of  this  model  for  testing 
the  possibility  of  combining  species  across  National  Forests  or  of  combining  some  of 
the  species  with  others,  using  analysis  of  covariance. 

It  was  then  hypothesized  that  the  followii.g  moa^l  might  eliminate  the  problem: 

J 
In(V^)  =  ao  +  ailn(H)  +  a2ln(D).  (5 

The  plots  of  residuals  again  confirmed  that  variance  was  homogenized  and  Pearson's  bet 
statistics  this  time  indicated  that  the  residuals  were  closer  to  being  normally  distri 
buted.  Analysis  of  covariance  was  then  applied  to  see  if  species  could  be  combined 
across  forests.  The  results  indicated  that  blackjack  pine,  Douglas-fir,  and  white  fir 
on  the  Santa  Fe  and  Carson  National  Forests  could  not  be  combined  with  the  same  specie 
on  the  other  National  Forests.   All  other  species  were  combined  across  Forests.      j 

Only  two  "species"  combinations  were  tested.   One  was  whether  yellow  pine  and 
blackjack  pine  could  be  combined.   Results  of  the  testing  indicated  that  they  could  no 
be  combined,  a  conclusion  supported  by  the  findings  of  Hornibrook  (1936)  and  Myers 
(1963)  .   The  other  combination  tested  was  Engelmann  spruce  with  corkbark  fir.   This 
test  was  made  because  of  the  small  data  set  for  corkbark  fir.   This  test  resulted  in 
the  combining  of  Engelmann  spruce  with  corkbark  fir. 

These  final  data  sets  were  fitted  to  equation  (1)  using  weighted  least  squares 
regression.   For  aspen,  this  resulted  in  a  negative  intercept.   Therefore,  an  intercep 
value  of  0.0327  (the  volume  of  a  tree  2  inches  in  diameter  at  the  root  collar  and  4.5 
feet  tall,  assuming  conical  shape)  was  forced  on  the  equation  instead  of  forcing  it 
through  the  origin. 

All  final  equations  were  visually  checked  by  plotting  the  predicted  and  actual 
volumes  over  diameter  by  height  classes. 
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■.  Total  Stem  Gross  Cubic  Foot  Volume — Forked  Trees 

The  ratios  of  actual  forked  volume  divided  by  predicted  unforked  volume  were 
otted  over  d.b.h.  (D) ,  total  tree  height  (H) ,  position  to  fork  (P) ,  and  number  of  tip 
)  and  examined  for  trends.   From  this  examination,  a  set  of  12  potential  transforma- 
ons  on  D,  H,  P,  and  T  were  developed  and  all  possililc  combinations  of  three  or  less 
re  screened  through  program  REX  (Grosenbaugh  1967).   Selected  models  from  ttns  screen 
g  run  were  then  tabled  and  the  one  with  the  lowest  RMSQP  that  "behaved  well"  was 
eked  as  the  final  model.   (An  equation  was  judged  to  "behave  well"  if  it  did  not 
oduce  unrealistic  results  over  tlie  expected  range  of  usage  and  if  it  dui  not  exhibit 

undulating  behavior  for  different  combinations  of  tree  characteristics.)   Yellow 
s  combined  with  blackjack  pine,  and  white  fir  and  Douglas-fir  were  jwoled  across 
tional  Forests  because  of  the  need  to  strengthen  the  data  sets. 


J.  Merchantable  Gross  Cubic  Foot  Volume — Unforked  Trees 

Expressing  merchantable  gross  cubic  foot  volume  as  the'  difference  between  total 
em  gross  cubic  foot  volume  and  the  unmerchantalUe  gross  cubic  foot  volume  in  the  top 
d  stump  is  a  convenient  technique  for  examining  and  then  characterizing  the  effect  of 
anging  top  diameter  upon  merchantable  gross  cubic  foot  volume.   To  see  tliis  advantage, 
nsider  the  following: 

Unmerchantable  Volume  =  (Top  Volume)  +  (Stump  Volume) 

(JLJLJLa      /'^°P  PiameterV^/ Top  length  \ 
~  M  X  144''   \   in  Inches  )  \   in  Feet  / 


,    M      I  Stump  Diameter p; Stump  Heightj  ,.. 

■^  M  X  144-'  \        in  Inches   /  \        in  Feet   '  *-  ' 

ere 

k  =  k   form  factor. 

has  been  shown  that  stump  diameter  and  d.b.h.  are  highly  correlated  (liann  19"6)  and 
is  also  true  that  stump  height  is  basically  a  constant;  therefore,  the  second  term 
equation  (4)  can  be  expressed  as 

r   top  volume,  the  top  diameter  is  specified  by  the  user;  therefore,  the  unknown  (juan- 
ties  are  top  length  and  the  form  factor,  /:.   To  help  determine  the  relationship  of  top 
ngth  to  d.b.h.  and  total  tree  height,  the  following  model  was  fitted  for  each  top 
ameter: 

In(TL)  =  ao  +  ailn(D)  +  a2ln(H)  (6) 

ere 

TL  =  Top  length  in  feet. 
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By  examining  the  behavior  of  the  coefficients  across  the  various  top  diameter,  it  was 
found  that  the  model 


TL  =  aiD 


H 


(7) 


where 


D  =  Top  diameter  inside  bark,  in  inches 


m 


An  sp-NF  specific  value  of  1.0,  1.5,  or  2.0 


was  applicable.  This  model  assumes  that  the  top  can  be  approximated  by  a  conic  form   1 
(Gray  1956;  Husch  1963;  and  Assman  1970).   The  power  on  d.b.h.,  n,    can  be  thought  of  as 
determining  the  diameter  of  the  top  cone  projected  to  ground  level.   This  is  because 
total  tree  height  is  measured  as  the  distance  from  the  ground  level  to  the  tip  of  the  | 
tree  and  consequently  the  relationship 


TL 


=  a 


H 

1  n 


(8) 


will  hold  for  similar  triangles  only  if  D  is  directly  proportional  to  diameter  at 
ground  level. 

With  this  background  as  a  basis,  the  model  for  unmerchantable  volume  is  therefore; 


&0  +  &iD3-^  +  b2^^ 


m  ^n 


(9) 


where 


V 


Gross  cubic  foot  volume  in  the  top  and  stump  for  a  specified  top  diameter. 


Analysis  of  residuals  indicated  that  weighting  was  necessary  to  homogenize  variance. 
A  procedure  described  by  Hann  and  McKinney  (1975)  was  therefore  used  to  obtain  the 
weight : 


d3  H 

m 


D 


D 


D^  H 

m 


(10) 


Weighted  least  squares  regression  was  used  on  each  sp-NF  combination  to  obtain  the  \ 
regression  coefficients  for  n  equal  to  1.0,  1.5,  and  2.0.  The  final  regression  equatio 
was  that  which  minimized  RMSQR.  Further  refinement  for  a  value  of  n  was  not  necessary 
because  of  the  small  differences  in  the  RMSQR  values  of  the  three  values  tested.  The  j 
final  merchantable  gross  cubic  foot  volume  equations  were  visually  checked  by  plotting 
the  data  points  versus  representative  curves  from  the  equations  over  diameter  by  height 
classes. 

A  word  of  caution  concerning  the  interpretation  of  the  terms  in  this  model  is 
appropriate.   WTiile  the  logic  behind  the  two  components  is  clear,  the  final  equations 
cannot  be  divided  into  components  because  of  multicollinearity  between  the  two  (Kmenta 
1971).   This  can  be  seen  by  comparing  the  second  component  of  the  unmerchantable  model 
to  the  model  derived  separately  for  stump  volume.   The  coefficients  are  in  the  same 
proximity  but  are  not  equal.   However,  the  presence  of  multicollinearity,  so  long  as  it 
is  not  perfect,  does  not  bias  the  estimation  of  unmerchantable  volume  (Kmenta  1971). 
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Merchantable  Gross  Cubic  Foot  Volume — Forked  Trees 

To  maintain  consistency  across  top  diameters,  the  same  model  used  in  predicting, 
il  stem  gross  cubic  foot  volume  was  fitted  to  each  top  diameter  f'ata  set.   The 
ilting  regression  coefficients  were  examined  for  trends  over  top  diameter.   From  this 
lination,  the  regression  coefficients  were  modeled  as  linear  functions  of  tO]i  diam- 

The  basic  model  with  the  coefficients  as  functions  of  top  diameter  was  then 
;ed  to  the  whole  data  set  for  a  final  overall  slope  correction  on  the  model.   Models 
1  forking  variables  that  proved  not  to  be  better  than  models  without  forking  vari - 
;s  were  dropped. 

Because  the  RMSQR  values  of  the  models  were  high,  it  was  decided  to  provide  an 
.onal  model  that  would  predict  the  mean  ratio  as  a  function  of  just  top  diameter, 
lo  this,  the  mean  ratio  values  for  the  six  top  diameters  were  weighted  by  their 
)ective  number  of  observations  and  then  screened  against  12  power  transformations 
:op  diameter.   Selected  models  were  then  examined  for  reasonableness  of  behavior  and 
one  that  behaved  both  reasonably  and  minimized  RMSQR  was  picked  as  the  final  model . 


'ross  Cubic  Foot  Stump  Volume — Un forked  and  Forked  Trees 
The  basic  model: 

Vg^  =  ao  +  aiD2  fll) 


V   =  Gross  volume  of  the  stump  in  cubic  feet 

fitted  to  the  separate  sp-NF  combinations.   The  residuals  were  plotted  and  they 
;aled  that  the  basic  model  was  appropriate  but  that  the  variance  increased  with  the 
ire  of  D^.   Therefore,  the  model  was  refitted  using  a  weight  of 

W  =   D"^.  (12) 

residuals  were  plotted  and  this  time  they  were  homogeneous. 

Analysis  of  covariance  was  then  used  to  determine  if  species  could  be  combined 
)ss  all  National  Forests  except  the  Lincoln,  where  stump  height  was  1.2  feet  instead 
:he  standard  of  1.0  foot.   The  results  indicated  that  they  could  be  so  combined. 
Lysis  of  covariance  was  also  used  to  check  to  see  if  Engelmann  spruce  and  corkbark 
could  still  be  legitimately  combined,  and  the  results  indicated  that  they  could. 


Gross  International  1/4-Inch  Board  Foot  Volume — Unforked  Trees 

The  approach  of  modeling  the  ratio  of  gross  International  1/4-inch  board  foot 
ame  to  a  6-inch  top  divided  by  the  gross  merchantable  cubic  foot  volume  to  a  6- inch 

was  used  to  provide  the  needed  control  on  the  behavior  of  the  International  1/4-inch 
il.   It  has  long  been  recognized  that  this  ratio  starts  with  a  zero  value  at  a  d.b.h. 
r  6  inches  and  increases  monotonically,  as  d.b.h.  increases,  tc  an  asymptotic  ratio 
ie  between  6  and  8  (Husch  1963;  Avery  1967).   It  has  also  been  shown  that  this  ratio 

be  affected  by  tree  height  as  well  (Husch  1963). 


35 


With  this  in  mind,  two  models  were  h>'pothesized  for  trial: 

R    =  ao  -  <^lH/D  -  a2H/(D2)  (13) 

^I/C  "  ^^    ~   ^1°'   "  ^^^'^  (14) 

where 

R  ,  =  Ratio  of  actual  gross  International  1/4-inch  board  foot  volume  to  a  6-inch 
top  divided  by  predicted  gross  merchantable  cubic  foot  volume  to  a  6-inch 
top  in  an  unforked  tree. 

The  signs  on  the  coefficients  a^ ,  a2,    and  hi,   Z?2  must  be  positive  for  the  model  to     J 
behave  as  expected.  1 

Before  these  models  were  tried,  the  ratio  values  were  formed  for  all  trees  6.1 
inches  and  larger  and  plotted  for  the  sp-NF  combinations  previously  delineated.   An 
examination  of  these  plots  resulted  in  the  decision  to  combine  blackjack  pine  data  sets 
with  the  yellow  pine  data  sets  and  to  combine  both  Douglas-fir  data  sets.   The  plots 
also  showed  a  few  outliers  that  were  eliminated  from  the  appropriate  data  sets. 

The  two  models,  (13)  and  (14),  were  then  fitted  to  the  data  sets  to  determine  whic 
of  the  two  minimized  RMSQR.   The  model  with  tree  height  (13)  proved  to  be  the  worst  and 
therefore,  was  eliminated.  The  fits  for  model  (14)  were  reasonable  for  only  the 
ponderosa  pine  and  the  Douglas-fir  data  sets.   The  other  data  sets  either  had  a  negativ 
sign  on  b\   or  b2   or  the  plots  of  data  sets  versus  the  predicted  curves  indicated  a  poor 
fit.   The  ponderosa  pine  model  was  then  "forced"  onto  the  white  pine  and  the  white  fir 
on  the  Lincoln  National  Forest  data  sets  with  good  results.   This  was  done  by  scaling 
the  ponderosa  pine  model  through  an  overall  slope  correction  using  least  squares  regres 
sion.  Techniques  similar  to  those  described  by  Jensen  (1964,  1973,  and  1976)  and  Jense 
and  Homeyer  (1970  and  1971)  were  used  to  develop  better  behaved  (within  a  reasonable 
usage  range)  ratio  models  for  Engelmann  spruce-corkbark  fir,  aspen,  and  white  fir  on 
the  Santa  Fe  and  Carson  National  Forests  data  sets. 

The  resulting  model  form  for  white  fir  was  the  same  as  model  (14)  but,  of  course, 
these  parameter  estimates  are  not  least  squares  estimates  in  this  case.   The  form  of 
the  models  for  aspen  and  Engelmann  spruce-corkbark  fir  was: 

Rj/^  =  Cq    -   CiD"^  -  ^20"^  -  C3D"^  (15) 

For  both  species  groups,  at  least  one  of  the  parameters  was  negative  which  resulted  in 
an  undesirable  "peak"  and  "valley"  in  the  ratio  equation  outside  the  available  data 
range.   For  aspen,  the  undesirable  points  also  occurred  outside  the  reasonable  usage 
range,  but  for  Engelmann  spruce-corkbark  fir,  the  points  did  occur  within  the  reasonabll 
usage  range.   Fortunately,  the  magnitudes  of  the  "peak"  and  "valley"  were  small  and  it 
was  felt  that  they  would  not  cause  serious  problems  when  predicting  International  1/4- 
inch  board  foot  volume. 

The  appropriate  ratio  models  were  then  multiplied  by  their  predicted  merchantable 
cubic  foot  volume  to  a  6-inch  top  for  each  sp-NF  combination  and  then  fitted  to  actual 
International  1/4-inch  board  foot  volume  to  a  6-inch  top,  using  least  squares  regressic 
through  the  origin  to  provide  a  slope  correction.   The  resulting  basic  model  form  and 
its  error  structure,  therefore,  is  the  following: 

Vj  =  dl  X  (Rj/,)  X  (V^(,,.^)  .  c  (16- 
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V  =  Predicted  gross  International  1/4- inch  board  foot  volume  to  a  6- inch  to]) 

V  .  .    =  Predicted  gross  merchantable  cubic  foot  volume  to  a  6- inch  top 
di  =  Least  squares  regression  coefficient 

G  =  Residual  about  regression. 

Next,  the  necessity  for  weighting  this  model  was  examined  through  the  procedure 
icribed  by  Hann  and  McKinney  (1975) .  This  resulted  in  weights  being  formed  of  the 
le: 

"ortunately,  no  common  set  of  values  e^,    e^,    and  e^   could  be  found  for  all  sp-N'F 
ibinations.   The  final  sp-NF  weights  were  used  in  weighted  least  squares  regression 
•ough  the  origin  to  obtain  the  final  slope  correction.   These  slope  corrections  were 
■n  incorporated  into  the  ratio  models  by  multiplication.   As  a  final  check,  the  data 
nts  and  regression  equations  were  plotted  over  d.b.h.  and  total  tree  height  to 
ermine  adequacy  of  fit. 

When  considering  this  approach  to  modeling  International  1/4-inch  board  foot 
ume,  the  basic  model  form  of  equation  (16)  must  be  kept  in  mind.   If  a  set  of  pro- 
ed  ratio  equations  had  been  available,  then  the  fitting  of  equation  (16)  could  have 
tn  done  by  screening  the  various  ratio  equations  times  cubic  foot  volume  to  determine 
ch  was  appropriate  for  the  sp-NF  combination.   Unfortunately,  a  proposed  set  of  ratio 
lations  was  not  available;  therefore,  the  ratio  equations  had  to  be  developed  using 
:  same  data  set . 

There  is  a  tendency  to  think  that  what  is  really  being  fitted  is  the  model  involv- 
;  the  11  to  15  independent  variables  that  would  be  formed  by  multiplying  the  ratio 
[  merchantable  cubic  foot  volume  models  together.   Using  this  approach,  it  was  found 
.t  some  independent  variables  proved  to  be  insignificant  while  the  signs  and 
;nitude  of  other  regression  coefficients  changed  because  of  multicollinearity 
iblems.   The  result  was  an  equation  with  all  of  the  undesirable  properties  that 
'e  to  be  avoided.   The  approach  adopted  here  produces  a  model  that  behaves  in  a  rea- 
lable  and  consistent  fashion,  but  sacrifices  some  statistical  niceties. 


.  Gross  International   1/4-Inch  Board  Foot  Volume — Forked  Trees 

The  method  used  to  determine  the  ratio  correction  for  forking  upon  International 
-inch  board  foot  volume  was  the  same  as  that  used  to  develop  the  equations  for  fork- 
in  total  stem  gross  cubic  foot  volume.   All  selected  equations  were  tabulated  and 
eked  for  reasonableness.   From  this  it  was  discovered  that  the  Douglas-fir  equation 
not  behave  as  expected.   Therefore,  the  following  power  model  was  fitted  to  Pouglas- 

In  (Rj  J  =  ao+  aiH  (18) 


re 


R^  ^  =  Predicted  ratio  of  actual  gross  International  1/4-inch  board  foot  volume 
'^        to  a  6-inch  top  in  a  forked  tree  divided  by  predicted  International  1/4- 
inch  board  foot  volume  to  a  6-inch  top  in  an  unforked  tree. 
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This  was  transformed  back  by  taking  the  antilog  of  both  sides  and  a  least  squares  slope 
correction  was  made  on  the  resulting  model  to  correct  it  for  possible  log  bias.   Tabu- 
lation of  this  model  showed  that  it  did  behave  reasonably. 

VIII.    Gross  Scribner  Board  Foot  Volume — Unforked  Trees 

As  described  by  Avery  (1967),  the  ratio  of  Scribner  board  foot  volume  divided  by 
International  board  foot  volume  starts  well  below  1 . 0  at  small  diameters  and  then 
increases  monotonically  toward  an  asymptotic  value  of  1  as  diameter  increases.   This 
relationship  can  be  expressed  as 

Rg^j  =  ao  -  aiD"^  -  azD"^  (19) 

where 

R  .  =  Predicted  ratio  of  actual  gross  Scribner  board  foot  volume  to  a  6- inch  top 
divided  by  predicted  gross  International  1/4-inch  board  foot  volume  to  a 
6-inch  top. 

The  signs  on  a^  and  a2   must  be  positive  and  a^   must  be  near  1  for  the  model  to  behave 
reasonably. 
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Individual  values  of  Rc/j  were  form.ed  and  plotted  across  d.b.h.  for  all  sp-NF     | 
combinations  used  in  gross  cubic  foot  equation  development.   All  data  below  9  inches 
d.b.h.  and  certain  outliers  were  eliminated  based  on  the  results  of  the  plots.   This 
was  necessary  because  the  ratio  values  below  9  inches  started  to  turn  upward  and  exceec 
]  as  d.b.h.  decreased.  This  problem  was  attributed  to  the  way  in  which  Scribner  volumeiij 
is  estimated  in  program  NETVSL.   The  elimination  of  trees  under  9  inches  should  not 
cause  problems  because  Scribner  volume  is  seldom  computed  for  trees  under  that  limit. 

Equation  (19)  was  fitted  to  the  corrected  data  set.   Weights  were  developed  using' 
the  basic  model: 

Vg  =  Zpi  X  (Rg^p  X  (Vj)  +  e  (2o; 

where 

V  =  Predicted  gross  Scribner  board  foot  volume  to  a  6- inch  top 
bi  =  Least  squares  regression  coefficient 
e  =  Residual  about  regression 

and  the  same  process  as  described  for  International  1/4- inch  board  foot  volume.  An 
examination  of  the  final  weighted  least  squares  regression  coefficients,  after  the  slo]> 
correction  was  multiplied  through  the  ratio  model,  revealed  that  only  the  models  for 
yellow  pine,  both  blackjack  pines,  and  white  fir  on  the  Santa  Fe  and  Carson  National  Fu 
ests  were  reasonable. 

An  abbreviated  ratio  model: 

was  then  tried  using  the  same  weighted  scheme  as  previously  described.   This  model 
proved  reasonable  for  Engelmann  spruce-corkbark  fir,  aspen,  and  Douglas-fir  on  the  San'' 
Fe  and  Carson  National  Forests. 
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A  model  of  the  form: 

In  (1.0  -  Rg^j)  =  cIq   +  diD  ^^^^ 

IS  then  tried  on  the  remaining  data  sets  to  determine  the  power  iii  the  model: 

Rg/I  =  ^0  -  eiD""^!  (23) 

lis  was  also  weighted  and  proved  reasonable  for  Douglas-fir  on  the  Coconino,  'lonto, 
id  Lincoln  National  Forests. 

Both  white  pine  and  white  fir  on  the  Lincoln  National  Forest  proved  to  be  parti cu- 
irly  troublesome,  with  all  previous  attempts  failing  to  provide  a  reasonable  model. 
I  order  to  force  a  reasonable  model  on  these  two  data  sets,  the  following  model  was 
tted: 

1.0  -  Rg/j  =  g^Y)'^    +  g^D'^  (24) 

is  was  then  transformed  to 

Rg^j  -  1.0  -  ^^0^"^  -  9\^'^-  rs) 

del  (25)  could  not  be  corrected  with  a  weighted  slope  because  doing  so  caused  the 
tercept  to  exceed  1 . 

Again,  all  final  models,  with  the  final  slope  correction  multiplied  into  them,  were 
llecked  by  plotting.   The  caution  given  in  the  section  on  gross  International  1/4-inch 
bard  foot  volume  for  unforked  trees  concerning  the  interpretation  of  this  approach 
aiplies  even  more  strongly  here.   In  this  case,  if  all  of  the  model  components  were 
ultiplied  out,  there  would  be  from  23  to  63  independent  variables  to  fit  and  the  result 
i\uld  be  even  more  unreasonable  than  in  the  International  1/4-inch  board  foot  volume 
cse . 

1.    r.voss  Scribnev  Board  Foot  Volume — Forked  Trees 

The  techniques  used  were  the  same  as  for  International  1/4-inch  board  foot  volume 
forked  trees.   In  this  case,  however,  the  basic  model  for  Douglas-fir  behaved  reason- 
ly  so  no  special  effort  was  necessary  to  model  it. 

Probability  of  a  Tree  Being  Unsound  in  Cubic  Foot  Volume — Unforked  and  Forked  Trees 

By  definition,  the  probability  of  a  tree  being  unsound  must  take  on  a  value  between 
knd  1.  A  form  that  constrains  itself  between  these  two  values  is  the  logistic 
fiction: 

-X 
PrC  =  1.0/(1.0  +  e  C-)  (26) 

a 

fere 

PrC  =  Predicted  probability  of  a  tree  being  unsound  in  total  stem  and  in  merchant- 
able cubic  foot  volume 

X    =  A  function  of  the  tree's  measured  attributes. 

o 

milton  (1974)  developed  program  RISK  to  fit  this  function  to  a  dichotomous  dependent 
riable.   The  approach  basically  uses  the  first  degree  term  of  the  Taylor  Series  expan- 
:)n  of  the  function  in  weighted  nonlinear  regression.   Output,  in  part,  consists  of 
1;  regression  coefficients,  an  F-statistic  that  tests  the  significance  of  the 
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model,  t-statistics  which  test  the  significance  of  the  regression  coefficients  from 
a  value  of  0,  "...and  a  chi-square  table  that  evaluates  goodness-of-fit  over  the  range 
of  predictions"   (Hamilton  1974).   Of  the  three,  Hamilton  suggests  use  of  the  chi-squan 
statistic  for  screening  alternative  models,  but  he  also  states  that  the  final  choice 
"...  is  left  to  the  discretion  of  the  user." 

The  dichotomous  dependent  variable  is  defined  to  be  1  if  the  tree  has  any  cull  in 
its  total  stem  and  0  if  not.   The  resulting  equations  for  cubic  foot  volume,  however, 
are  to  be  applied  to  both  total  stem  and  merchantable  cubic  foot  net  volume  estimation. 
It  was  felt  that,  in  most  cases,  if  the  tree  had  cull  in  the  total  stem  it  would  also 
have  cull  in  the  m.erchantable  portion.   In  those  cases  where  removal  of  the  top  also 
removed  the  cull  portion,  the  fraction  cull  in  the  tree  would  then  be  0,  and  this  is  a 
legitimate  value  in  the  final  fraction  cull  model  for  merchantable  cubic  foot  volume.  < 

For  each  sp-NF  combination,  10  models  were  fitted  with  d.b.h.,  total  tree  height,! 
and  number  of  tips  as  the  tree  attributes  used  for  independent  variables.   Five  models 
had  one  independent  variable  (H,D,T,DH,  or  D^H)  and  the  rest  had  two  independent  varia- 
bles (H,D;H,T;D,T;DH,T;  or  D^H.T) .   Generally,  the  final  runs  picked  were  the  ones  that 
minimized  the  chi-square  statistic  while  maintaining  the  highest  significance  level 
attained  by  the  F-statistic  for  the  one-  or  two-independent  variable  models  (that  is, 
if  some  of  the  one-  or  two-variable  models  were  significant  at  the  99  percent  level, 
then  the  final  model  was  picked  from  those  that  minimized  the  chi-square  statistic). 
In  some  cases  where  the  chi-square  statistics  were  close,  a  model  with  a  slightly  highe: 
chi-square  statistic  was  picked  if  the  F-  and  t-statistics  were  considerably  larger. 

One-  and  two-variable  models  are  presented  in  those  instances  where  the  second 
variable  improved  the  model.   The  added  variable,  number  of  tips  in  all  cases,  was  not 
always  statistically  significant,  but  the  resulting  model  behaved  as  expected  (that  is, 
as  the  number  of  tips  increased,  so  did  the  probability  of  cull). 

Some  data  sets  were  combined  to  gain  data  strength.   Before  combining,  however, 
the  preliminary  models  and  mean  values  of  PrC^.  were  examined  to  assure  compatibility. 
Engelmann  spruce  and  corkbark  fir  were  separated  because  it  was  found  that  their  cull 
structures  were  very  different. 

Damage  information  was  available  on  the  data  sets  from  the  Santa  Fe  and  Carson 
National  Forests.  Therefore,  in  those  cases  where  enough  common  damage  was  present  to 
justify  the  effort,  the  previously  picked  models  were  fitted  with  dichotomous  damage 
variables  added.   These  damage  variables  did  not  prove  to  be  significant. 

All  final  equations  were  plotted  and  checked  for  reasonableness. 

XI.   Fraation  Cull  in  Total  Stem  Cubic  Foot  Volume  Given  the  Tree  Is  Unsound — Unforked] 
and  Forked  Trees 

Like  the  probability  of  a  tree  being  unsound,  fraction  cull  takes  on  a  value  tha^ 
ranges  from  0  to  1 .  To  provide  some  control  over  the  value  of  fraction  cull,  the 
following  model  was  used: 


FC,  =  /2,(1.0  -  e  *)  (2| 


where 


FC  -   Predicted  fraction  cull  in  total  stem  cubic  foot  volume  given  the  tree  is 
unsound 

Y   =  A  function  of  the  tree's  attributes 

h       =  A  final  constant  value. 
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:h  this  model,  fraction  cull  will  have  an  asvinptotic  maximum  value  of  h     and,  thcre- 
i-e,  h     should  be  less  than  or  equal  to  1.   Unfortunately,  this  model  does  not  prevent 
iction  cull  from  becoming  less  than  0. 

The  following  process  was  used  to  determine  tlie  appropriate  sp-NF  parameters  for 
lei  (27).   First,  the  model: 

FC 
ln(1.0  -  J^)  =  Y  f2,H) 


h 


;re 


FC  =  Actual  fraction  cull  in  total  stem  cubic  foot  volume  given  the  tree  is  unsound 
Y  =  A  function  of  the  tree's  attributes 
h     =  An  intermediate  constant  value 

;  screened  through  linear  regression  using  various  functions  of  d.b.h.,  total  tree 
.ght,  number  of  tips,  position  to  first  fork,  and  damage  information  as  indejiendcnt 
"iables  in  Y,  and  also  using  various  dependent  variables  formed  by  varying  the  value 
h   from  the  maximum  FC  in  the  data  set  to  a  value  of  1.   For  each  combination  grouji 
;h  a  specified  number  of  independent  variables  from  the  screening  run,  that  combina- 
m  of  Y  and  h   which  minimized  RMSQR  was  picked,  along  with  several  other  combinations, 
It  were  almost  as  good.   These  models  were  next  fitted,  transformed  back  into  model 
') ,  and  then  tabulated  and  checked  for  reasonableness.   The  model  with  the  lowest 
!QR  that  gave  reasonable  results  was  then  fitted  with  least  squares  regression  through 
!  origin  for  a  slope  correction  to  adjust  the  model  for  possible  log  bias.   This  slope 
•rection  was  then  incorporated  into  the  initial  value  of  h   to  give  the  final  value  of 
in  model  (27).   Y   is  the  final  function  of  Y.   As  a  final  check,  the  models  were 
tin  tabulated. 

On  the  Douglas-fir  data  set,  the  final  model  proved  to  be  worse  than  a  mean  value 
FC  .   Therefore,  the  following  model  was  fitted: 

Y, 
FC^  =  bo   -  hie   *.  (29) 

;  resulting  model  was  better  than  the  mean,  and  tabulation  revealed  that  it  behaved 
■rectly.   Model  (29)  was  easily  transformed  back  to  model  (27)  by  setting  b^   ecjual  to 
and  adding  ln(bi/2?o)  to  Y  . 

Again,  data  sets  were  combined  based  on  the  results  of  the  screening  runs  and  upon 
;  mean  FC  values  of  the  data  sets  to  be  combined. 


'.  Fraction  Cull  in  Merchantable  Cubic  Foot  Vohjme  Given  the  Tree  Is  Unsoun^l — Unforked 
I  Forked  Trees 

For  each  sp-NF  combination,  the  same  independent  variables  used  in  the  total  stem 
lie  foot  fraction  cull  models  were  fitted  to  each  top  diameter  data  set  with  a  vari- 
e  h   in  model  (28).   An  examination  of  the  various  runs  across  top  diameter  was  made 
I  a  value  of  h   was  picked  that  did  the  best  overall  job  of  minimizing  the  RMSQR 
ues . 
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Using  the  value  of  h,    the  resulting  regression  coefficients  of  Y  were  modeled  as 
ions  of  top  diameter  to  obtain  the  final  equations  of  Y  in  the  model:  ■ 

Y  " 

FC  =  h(l.O   -   e  rn)  (ZO] 

m 


where 

FC  =  Predicted  fraction  cull  in  merchantable  cubic  foot  volume  given  the  tree  is 

m  , 

unsound 

Y   =  A  function  of  the  tree's  attributes  and  top  diameter 

m 

h       =  An  intermediate  constant  value. 

Model  (30)  was  then  fitted  to  the  data  set  incorporating  all  top  diameters  with  least 
squares  regression  to  obtain  a  slope  correction  to  adjust  the  model  for  possible  log  ~ 
bias,  and  this  slope  correction  was  incorporated  with  h   to  give  the  final  value,  h   ,  ii 

Y  « 

YC     =  h    (1.0  -  e  ^"3  (31] 

mm 

where 


the  standard  form: 


h     =  A  final  constant  value. 

m 

The  final  models  were  tabulated  and  checked  for  reasonableness.   This  procedure 
proved  to  work  well  on  all  data  sets  except  Engelmann  spruce  and  Douglas-fir.   On  thest 
two  data  sets,  a  model  of  the  form: 

Y 
FC  =  hQ   -  bie  w  (32": 

was  fitted.   Tabulation  of  these  runs  indicated  that  they  performed  well.   They  were 
then  converted  to  the  standard  form  of  model  (32)  using  the  fact  that  2?o  equals  h^   and 
by  adding  ln(bi/bo)  to  Y  . 


m 


Because  of  the  high  values  of  RMSQR,  it  was  decided  to  provide  an  optional  model 
to  predict  mean  FC  as  a  function  of  top  diameter.   Plots  of  the  means  over  top  diamet 
indicated  that  power  functions  of  top  diameter  would  be  appropriate.   The  means  were 
then  weighted  by  their  number  of  observations  and  screened  with  numerous  power  trans- 
forms on  top  diameter.   The  maximum  number  of  independent  variables  in  the  screening 
run  was  limited  to  the  value  of  1  plus  the  number  of  maxima  or  minima  the  plots  had 
shown.   A  final  model  was  selected  based  on  its  behavior  and  the  magnitude  of  its  RMSQ 


XIII.    Probability  of  Tree  Being  Unsound  in  Board  Foot  Volvme — Unforked  and  Forked  Tree 

An  examination  of  the  data  indicated  that  International  1/4- inch  and  Scribner  boa 
foot  volumes  were  always  sound  or  unsound  together.  Therefore,  one  model  was  develope 
that  is  applicable  to  both. 

The  techniques  used  were  basically  the  same  as  those  used  for  cubic  foot  volume. 
The  damage  information  did  prove,  however,  to  be  statistically  significant  at  the  95 
percent  level  on  the  blackjack  pine  and  Douglas-fir  data  sets.   The  model  with  damage 
for  white  fir  was  almost  significant  and,  because  it  behaved  reasonably,  it  was  also 

included. 

Again,  all  curves  were  plotted  as  a  final  check. 
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L    Fvaction  Cull   in  International   1/4-inch  Board  Foot  Volume  Given   the  Tree  Is 
Unsound — Unforked  and  Forked  Trees 

For  fraction  cull  in  International  1/4-inch  board  foot  volume,  the  following  model 
;  used: 

FCj  =  h^e    ^  (33) 

?re 

PC,  =  Predicted  fraction  cull  in  International  1/4-inch  board  foot  volume  given  the 
tree  i^  unsound 

Y  =  A  function  of  the  tree's  attributes 
h-r      =  A   constant. 

LS  model  differs  from  models  (27)  and  (32)  because  (33)  is  asymptotic  to  0  instead  of 
md,  therefore,  it  will  allow  predicted  values  of  PC  to  exceed  1,  which  is  just  the 
)Osite  from  models  (27)  and  (32) .   This  change  in  model  form  was  by  oversight  rather 
m  design,  even  though  it  does  not  affect  the  legitimacy  of  the  results. 

To  fit  model  (33),  the  following  model  was  first  fitted  and  screened  using  the  same 
;ic  procedures  as  in  the  cubic  foot  fraction  cull  equations: 

In(FC)  =  Y  (34) 

;re 

PC  =  Actual  fraction  cull  in  International  1/4-inch  board  foot  volume  given  the 
tree  is  unsound 

Y  =  A  function  of  the  tree's  attributes. 

LS  model  was  then  transformed  back  to  the  form  of  model  (33)  and  h     was  found  by  least 
iares  regression  through  the  origin  to  correct  the  model  for  possible  log  bias.   The 
lels  were  tabulated  and  those  that  were  reasonable  and  minimized  RMSQR  were  picked. 
L  reasonable  models  examined  for  Engelmann  spruce  and  for  corkbark  fir  proved  to  be 
:h  worse  than  the  mean  and,  therefore,  the  m.odels  were  dropped. 

To  gain  data  strength,  yellow  pine  and  Douglas-fir  were  combined  across  all 
;ional  Forests  (but  not  with  each  other) . 


Fraction  Cull  in  Soribner  Board  Foot  Volume  Given  The  Tree  Is  Unsound — Unforked 
and  Forked  Trees 

The  procedure  and  model  forms  used  for  fraction  cull  in  Scribner  board  foot  volume 
:e  virtually  the  same  as  those  used  for  fraction  cull  in  International  1/4-inch  board 
)t  volume. 
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Headquarters  for  the  Intermountain  Forest  and 
Range  Experiment  Station  are  in  Ogden,  Utah. 
Field  programs  and  research  work  units  are 
maintained  in: 

Billings,  Montana 

Boise,  Idaho 

Bozeman,     Montana    (in    cooperation   with 

Montana  State  University) 
Logan,  Utah  (in  cooperation  with  Utah  State 

University) 
Missoula,    Montana    (in    cooperation   with 

University  of  Montana) 
Moscow,    Idaho    (in   cooperation  with  the 

University  of  Idaho) 
Provo,  Utah  (in  cooperation  with  Brigham 

Young  University) 
Reno,      Nevada    (in   cooperation  with   the 

University  of  Nevada) 
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RESEARCH  SUMMARY 

Selected  volume  tables  for  unforked  trees  are  presented  for  major 
species  of  New  Mexico  and  Arizona.     The  volume  equations  used  to  derive 
these  tables  are  described  in  the  companion  publication,   "Comprehensive 
tree  volume  equations  for  major  species  of  New  Mexico  and  Arizona:    I. 
Results  and  Methodology.  " 


INTRODUCTION 


The  tree  volume  tables  presented  here  were  computed  from  volume  equations  developed 
r  the  major  tree  species  on  five  National  Forests  in  New  Mexico  and  Arizona  ("table  A). 
e  equations  and  the  methodology  used  to  derive  them  can  be  found  in  the  companion 
blication,  "Comprehensive  tree  volume  etaiations  for  major  species  of  New  Mexico  and 
izona:  I.  Results  and  methodology." 

For  each  species  and  National  Forest  combination,  tables  for  the  following  un- 
rked  tree  volumes  are  given: 


5 
6 
7 
8 
9 
10 


Total  stem  gross  cubic  foot  volume 

Total  stem  net  cubic  foot  volume 

Gross  merchantable  cubic  foot  volume  to  a  top  diameter  inside  bark  (d.i.b.) 

4  inches 

Net  merchantable  cubic  foot  volume  to  a  top  d.i.b.  of  4  inches 

Gross  merchantable  cubic  foot  volume  to  a  top  d.i.b.  of  6  inches 

Net  merchantable  cubic  foot  volume  to  a  top  d.i.b.  of  6  inches 

Gross  International  1/4-inch  board  foot  volume  to  a  top  d.i.b.  of  6  inches 

Net  International  1/4-inch  board  foot  volume  to  a  top  d.i.b.  of  6  inches 

Gross  Scribner  board  foot  volume  to  a  top  d.i.b.  of  6  inches 

Net  Scribner  board  foot  volume  to  a  top  d.i.b.  of  6  inches. 


of 


The  two  variables  necessary  to  use  these  tables  are  diameter  at  breast  height 
.b.h.)  and  total  tree  height.   Also  presented  in  the  tables  are  the  number  of  trees, 
diameter  class  and  by  height  class,  that  were  used  in  the  development  of  the  equa- 
ons.   It  should  be  noted  that,  with  the  exception  of  total  stem  cubic  foot  volume 
bles,  tree  counts  across  diameter  classes  will  not  necessarily  add  to  the  tree  counts 
ross  height  classes.   This  apparent  discrepancy  arises  because  the  tables  begin  with 
at  diameter  class  that  is  one  class  larger  than  the  merchantable  top  diameter.   Be- 
use  some  of  the  trees  used  in  developing  the  equations  had  a  diameter  smaller  than 
is  diameter  class,  they  were  eliminated  from  the  tree  counts. 


Table  A. — Data  souraes 


Species 


National  Forest 


Coconino  :   Tonto   :  Lincoln  :  Santa  Fe :   Carson 


Blackjack  pine^  [Pinus  ponderosa 
Laws . ) 

Yellow  pine^  (Pinus  ponderosa 
Laws . ) 

Douglas-fir  (Pseudotsuga  menziesii 
var.  gtauaa    [Mirb.]  Franco) 

White  fir  (Abies  aonoolov    [Gord. 
and  Glend. ] ) 

Southwestern  white  pine  (Pinus 
flexitis   var.  reflexa   Engelm.) 

Engelmann  spruce  (Piaea 
eng^lmannii   Parry) 

Aspen  (Populus   tremuloides   Michx.) 

Corkbark  fir  (Abies   lasiooarpa 

var.  arizoniaa    [Merriam]  Lemm.) 


X  X 

X  X 

X 


^In  the  Southwest,  blackjack  and  yellov;  pines  are  distinguished  by  their 
bark  colors;  blackjack  pines  have  very  dark  bark  and  yellow  pines  heavily 
plated,  orange  bark.   This  distinction  is  based  on  age,  growth,  and  vigor 
differences  rather  than  botanical  differences,  but  foresters  have  found  it 
useful  in  forest  management  planning. 
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I.   Southwestern  white  pine  on  the  Santa  Fe,  Carson,  and 
Lincoln  National  Forests 

A.  Cubic  Foot  Volume 

1 .  Total  stem  gross 8 

2.  Total  stem  net 9 

3.  Gross  merchantable  to  top  d.i.b.  of  4  inches 10 

4.  Net  merchantable  to  top  d.i.b.  of  4  inches 11 

5.  Cross  merchantable  to  top  d.i.b.  of  6  inches 12 

6.  Net  merchantable  to  top  d.i.b.  of  6  inches 1." 

B.  Board  Foot  Volume 

1.  Gross  International  1/4-inch  to  top  d.i.b.  of  6  inches 14 

2.  Net  International  1/4-inch  to  top  d.i.b.  of  6  inches 15 

3.  Gross  Scribner  to  top  d.i.b.  of  6  inches 16 

4.  Net  Scribner  to  top  d.i.b.  of  6  inches 17 

II.   Engelmann  spruce  and  corkbark  fir  on  the  Santa  Fe,  Carson,  and 
Lincoln  National  Forests 

A.  Cubic  Foot  Volume 

1 .  Total  stem  gross 18 

2.  Total  stem  net--Engelmann  spruce 19 

3.  Total  stem  net--corkbark  fir 20 

4.  Gross  merchantable  to  top  d.i.b.  of  4  inches 21 

5.  Net  merchantable  to  top  d.i.b.  of  4  inches--Engelmann  s]iruce.  22 

6.  Net  merchantable  to  top  d.i.b.  of  4  inches--corkbark  fir 25 

7.  Gross  merchantable  to  top  d.i.b.  of  6  inches 24 

8.  Net  merchantable  to  top  d.i.b.  of  6  inches--Engelmann  spruce.  25 

9.  Net  merchantable  to  top  d.i.b.  of  6  inches--corkbark  fir.....  26 

B.  Board  Foot  Volume 

1.  Gross  International  1/4-inch  to  top  d.i.b.  of  6  inches 27 

2.  Net  International  1/4-inch  to  top  d.i.b.  of  6  inches-- 
Engelmann  spruce 28 

3.  Net  International  1/4-inch  to  top  d.i.b.  of  6  inches-- 
corkbark  fir 29 

4.  Gross  Scribner  to  top  d.i.b.  of  6  inches 30 

5.  Net  Scribner  to  top  d.i.b.  of  6  inches- -Engelmann  spruce 31 

6.  Net  Scribner  to  top  d.i.b.  of  6  inches--corkbark  fir 32 


Page 

III.   Yellow  pine  on  the  Santa  Fe,  Carson,  Lincoln,  Coconino,  and  Tonto 
National  Forests 

A.  Cubic  Foot  Volume 

1 .  Total  stem  gross 33 

2.  Total  stem  net--Santa  Fe  and  Carson  National  Forests 34 

5.  Total  stem  net--Lincoln,  Coconino,  and  Tonto  National  Forests.  35 

4.  Gross  merchantable  to  top  d.i.b.  of  4  inches 36 

5.  Net  merchantable  to  top  d.i.b.  of  4  inches--Santa  Fe  and 

Carson  National  Forests 37 

6.  Net  merchantable  to  top  d.i.b.  of  4  inches--Lincoln,  Coconino, 
and  Tonto  National  Forests 38 

7.  Gross  merchantable  to  top  d.i.b.  of  6  inches 39 

8.  Net  merchantable  to  top  d.i.b,  of  6  inches--Santa  Fe  and 

Carson  National  Forests  40 

9.  Net  merchantable  to  top  d.i.b.  of  6  inches--Lincoln, 

Coconino,  and  Tonto  National  Forests  41 

B.  Board  Foot  Volume 

1.  Gross  International  1/4-inch  to  top  d.i.b.  of  6  inches 42 
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^   ^-t  ^   ^   ^H    ^   ^   ^   ^   ^   ^    ^H  ^   ^   CO   r^   (.^   c^^   r^   f\i   (v^    I V,   1^   I   ;   {■.    rj  c- . 


m  -i:'  tn  rr    r>~  o-    <^  o   ^'  x^   ^   n-   .-h  _n  o  u->  r^j 


r-  li-.    vT   ro  r^' 


-r  >r^  >£    -^  ^  /,  ,>    .T  1—'  r~-   .r.    r   .r    r    o 
■J     u\  r.   (J    r-    ^    r--.  u    r-    <"    r^.   t      co  ^    -J 


^H  H 


c    c    rg  r^  ^r    f  ^ 

,-■■  r     oo  ^  r-    o 


m  C'  r-    X"'  ir>  . 


o    a' 


a   r-    r~  cr 


r^.  f  o-  .r  a 


C    O  c     .—  r 


T    ^'    vT   r. 


-J     iTi     X> 


C-    ro  o    r-    sC 


rO       a-        ^^       vT 


"^    vj-     C    cr    r«~i   r^    r->   i^i     ^    r^   rv'   — ' 


,-^   ,-H   ,_H   ,— 1   r\^    (\i   pvj  rn    r<^    J-    >j-    J-    in    a  .    O    -C'   r--   r^     r-     T'    a    (T    O    O   •— <   <^!   fVi   "^   ro    ,j    a"\ 


<\j  o  CO  cr 

r^   j~>    -.T'   a 


lO  c  n:    h-  r--  o 


Cr   ^c    «r   ro   J    -i    f>   r^  O  ir^  r\j 


■  o  o  '—  -r  r^ 


-j    r-rvr^-j-mrv^c^.— ,r^-rrom 


CO  c   <-*  en 


r— «  r.j  -r   -o  O    -J"  o  h- 


-c  »-t  CO   nL'  J^  -i)  r^ 


rrr^j-\t/>   -j-  .r*r-orn  Timor-   .oirs 
.-^  rj   m    ^   u"^    o  cr    n~    o   r-j   -r    'j^  r^   o 


-r»  sO  ^-   Xi  o^  O 


irvjrn^   r\^r*.rr>c>OrHr«jm>rL.'>-or>-cotro 

I  r-«   .—(   r-i   .—',—«.—«   r-«  ,—(   oj   f\j   r  J   fvj   ^vj   oj  fNj   fv;   fVj    rvi  "^ 
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r^  rj  (\  o  fNi  ro  r^  (\,  .^  fvj  O  t^ 


*-HOOOO^OOOOOCC3COOO 


u'^  in  o  -^  cr  f\) 


*Dr^mvOir»0'or-0'r^fMc\ioDf-*o*mroO(MOj^>j^  o 


Of^JCT^'--<ct>or^C^^OC^^■-o>ocr^^Oco•-^or<lr.J^CL^^c^a^<l^^J^^^^(^J{\JCoco■s^ 
rnc^J.-HC^^•oo*J"lOf^0^n^-^--*^c<^^^•4'OaD^O-T^o(^J^sJ^sJr^u^^-■(>cv^oo-J■C^c^• 


h-mmoor-.— 4crmo<^0(viooscr^f\jfs_r^  r^ 


OvrrnsO-J"r-Lnr^-r>Df\j-^o 


p-^0*^^lO>r^rrn»rlr^^0uOf^JND<>^nc0{^co«r>-H<x^^^^n*--^oCT■0^0*Or--^^nLr^a'.--^■J- 
l^^^^^0^-C00'O'— toorlNf^o^^CDO"•--'^^J<rln^-C^Of^J^^Da'C^•--*^o^oaO(^l'J-r^C^ 
-TO^^^J■|--^C^^^^t^■^^*''«J■l^■CcoOf^Jl/^cof^J»o•— i^nHr^sj-ON-Lr»rOfsjt-HOOO»--'(\jro^ 
rn^r-J■u^^O^C^^coO'0'--^c^Ji^>rln^^(»C>Of^.^^pl^^^oooc^■--^f^*J"'OxOf^J'4■^Cc^Ofv-T 


(r>f\j-TO(?'(M'X)t7'   m.— (ojccr-   rHccCT-sj-m   ir\(\j 


r*-^a'-j->rc>r^cririNj-iX'NCcorr,  rn.Osrino 


f\jf\    mm-srvj-LP'-^r-^f^coO'   Or-^rv_i<^^LOsC^-cr^O'— <<\iNru^sO0U'O'>-Hrn^vOa-.  0^^-H^nu'^^^0' 
,-Hp-Hi--ic-H,-H»-Hf-H,—  .-H(Njrvjr^r«j<\jrijrvjr^.for^rofrirnn~>r   'J'   ^   >f   ^ 


r\jCf\JLrvf^'rvjir'<\j'--Nj'    •— ii-hvT   f—f-n^r.    t\'  ^  <t    \r>  O  t    Oirvr^^D 


srOOt^O'—ir-iNiroa    %cr^r<" 


.-jr-'f-H^-.-Hf—  r--r-<»--.--rjfvji\joof"Jfv'<\i<\jfnfrf*'rnr'fOsrsf^ 
^OOcof^OlX^O^srC^■«rOi^^JCOlf\^J{>r^u^^nfv!.--^00000'-*f^i«J■-OcoO^O'CC^r^ 


CO  t_j 

t—    3  UJ 


X.  r>  <i 

13  O  h- 

_i  (r>  2^ 

C  <r 


llOaJ^-^oa:<^JCo^^^-f-t^'lf^^*-C(^^Ococ^Jcro^■--'^^Lna^oo>rrnl^^c■•Ou"^oofn 


N    ^0'«rcrf*-tf\NOa'-4-00*-<>rococOf-i*crorj^'Xtxj'ro^r^fNjO 


(x:*  CO  c^    sC  n"!  <\j  (\j  (^  %u  O  !/>  fvj  O  o 


c^^o^*^JOonor^^ 
«-i  CM  m  ^  sT  in  -c 


M     f^    CO    O    O    "^   (M 


(>0  II 

CO  n 


M    sT    -O    r--  c^    f^  O   -T'   lT-    m   nC   m  f^    O  f"^   I— ^  r-^   Cj  o   C    --H 


rH  ^  o  i:>  o 


o  o  c    r- 


O*-— 'n^r-<\ir-roocOir*>jr\j.— ".-H.— tf— looj    suu 


a  sC  vj   sT 


O  <— '  ru  m  ^  in  sO  r--   co  CT-  O  -h  f\i  m  ^  ia  *o  r--   cx>  O^  r  _■>.—.  fv' 

.— I     rH     .— I     ,-t     .— I     — «     rH     .— «     r-4     .-H     f\)     f\J     C\J     (M     f\j     fVJ     0,1     r\J     t^J     rvj     ''^     ffl     n 


O^NJiT^Or^    -J-    <NJ<NJ 


r^j   m  ^    X>  CO  O  n"i   O  O 


O"  CO  GO  a-  fvi   J.  I  ri 


i-H   cH   ."(   .— 4   — (   .-H   .— (   .—*   .— I   —- 1   r-<  (\j   00   iNJ   c\j   rj   oj   fxj   r  I   r\]   r  1   rv,   f*"i   (-">  f-i    m   r*^  r- 1    r-i  ^. 


.— (rooo-^r-HO-— '(Njsj-r-o-J   cr    >r   a- 


r-   sT  •-<  c    a:)  r^  r-   CO  I 


(_>  00  <:i    rj  ^ 


in  (Nj  o  r^  lA  r^i  •— '  CT   r^  in  ^   r  '  o  o  r-  nT <  m  r^i  ro  ■— «  ct-  oj  r^   ^c )  u^  sj-   ^r  r^^  r^  cr\  t\t  c-_\  r*^,  rt 

r-4   .-^   .— t   --H   .-H   .—«   .-^    .-H  ■— 4   .—1  .— (    .-H  rj   (^J   <\j   (Xj   r>j  o^j   f\j   (^J  r\)   rvi   (^J   ro    n^   f*!   ni   ro   0*1 


r\j  in  o  r--   -o  -O  CO 


'inosOrooco-cinvTr^ 


m   nT   Lr<vO(T   /— 'tnfjL^-— <a 


r^rooon^or-inf\jor--tnrooco^-rfMOcoNC'-rroci'Tr--sO-J'ro.— ■C'O'air'    i^r-- 

xru*>XisCf^cococ>o.~-i>--^<xiro^-ra^sor^cDcoo^O'— tf\irvin->j-insOr~-i'(X)(T'0'-^r-j 

r-^.-^.-H--l.--^--^.-H.-^.--^l-H,_l,-lr-l^or^Jr^Jr)f\J^\J^Jf\Jf\Jr\Jrlf^J^-■^<-(^^ 


>3-r^rooo.--iinointMOOa-o 


^   CO  f\j  r^ 


c>  r-  r-  r-   rr  (Nj  ^' 


mrOsT   ^u-^sOvO^-ooooc>OC'-<rNj(Mm^   li■^m^CJl^ccQ^OO.—  ^^fv;m   ^■nin^r-corro 

t-H     »-H     .-1     r-H     rH     .-H     ,-H     .-H     .—«     ,-J     .—(     ,-^     f-H     r-i     fM     f-J     rsj     r  J     r\J     f\l     fM     (Nj     (J     (\J     f\J     PJ     (■'1 


mco>rrnrosOO>Osrmrn-^r^o-j-a   >ror--T 


c^covO•om•nr^cO'-t-J■aomr^^oa-'u-^^^■rTvr 


0>rC^^IC^^rou^•-^r^rr,  (>tnrviai'Tf-too-J''--^a3'j'.—  coinr-.  O'^c^^.-HC0l^\^nccDsC.'^J^^ 

,-H    r-H     .—<     .—I    ,— '.—.,--(     f-v    .—<     I--"    r-'    »-i     .—(    r—    <\J    (\J    ru    f\,    C\      f\i     C\J    rv'    f\'    f\J    OJ 


oDir^r^n'imCT-   ^*\j. 


(Nl^r-roooinro^.—  I 


rvin'^inr^Oror^'^r-fMaoinfTri*— iCNiNy^O^O^NJ— 'C 


^-^r-^f--t^oru^or»^v^>rlnln^£:is0^^l^(X>coc^oo■-^•— '(Nj'^rovTLT'u'Nor^r^coo   oC'-H»-<t\jm<rii>in    11 


in^Ofoonvnir^-ccDrvjoC'inrom^inoD 


^.-Hr-ro.— <cor^   sO^c^r^o 


in  O"   vT  o  r^  in 


>OC'(\J^>0~f*"if^.-«inCO-   o^  -r  c  ^   o-^Oin.-)0<NJcoma^ini— 'h-rocr   Orvjcr-inrvitoin 
.— t.-H.-4i\jCNjrorri^^   vrmin^NOP^   rocoo-ooo-— ••-Hoomm-j   srin*c-cr-ODaDa- 


M    o(^>J'<^ro>rr^ 


coin-sj-inr^Oinor^ir\»j   ro^ 


-j-C-JOr^inromm 


•-(.--<._Mr\j(\j(Njrornn^-^-TinLn^^Ol^r-a:)cci(7'fT'00»--(.— (fsjrnr^sj-^ 


f\jf-<0.— irgino'sJ'  Ocor^coomr-oocOsOinNrinf^o 


II    corrtooinroOOO'— tmr^(Njr^vj-rTtr\jf\jro 


o^vj-rHcroor-r- 
r-i  (\j  r*^  m  sT  in  x> 


11    ro^mrorvOfs-mr^ro 


(\JOf'-''-''^<NJCO 


^  o  c   '-'  C   r-< 


occrO'-toooccoooooo   h 


in<>»-<rou^r^coO'C7-O^CT'CT-C7'C>oor^NO'^"J"rn{\iOO"h-«ONTf\jocO^Oti 

^^cor>o.--^^^J^o^ln^^^O*0^-^rn>Tt^^^-coOf\Jf»^l^^^-ooO(V^>Doo    m 
.— i,_H.--t,-H.--i.— «i-^'-H.-Hixit\j(\Jrvjf\jr\jf\jrOfnrornr*^rOvj--j'^j-Nj'     n 

n 
i( 

•       •••••••••••••••••••••••••••••••      M 

^ir«oO'-<r^r^  or-a>(sjO(Niaor^Oh-h-.— 'cr.— *^mooNr^fl0^o^»c^J.— tm    n 

u^^r--r^coo^O'-H(\jrnNrinsOh-GoOnHCONru^sO(X)CT-'--ic\j>r>or^CT'*-tfn^(t 
,-H.-^.-H--ii-H»--ir-HrHr-*rooof\ji\jfv(\jrorNjro<^rnrnrnrnvr>rNr    m 

u 

r^O^sDNO-— ^C^CMCJ-OL^^^cXJX)a*>Of^(^^o^^^O<>f^O^>Or^^n^ocO^^.--^C^■— •O'Oti 

^HO^oc^(7'<-^<X)f^^-Hl^l^Of^l^^^oot^^^o<-HlJ^^n>rC^^-c^^rt\J^rocor--»>D^£)^l 

II 
II 

ror--r\jcou>-j-f^irir^'-'r^   ^n~.  roLrvO^Nr'-HC^Of^jLn.-HcC'r-coO>roajcoo^f\)r^-^(\.'    h 
•     •••••••••••••••••••••••••••••••••••II 

ocoo-J"f\if^i^NrNrco>rNrr*-rof\j«j-oc7'OsO>3'u~Nor^cprvjOO-roomoa'c\jaDu 
^^^-H^^f\JcONrol^J'<-HC^^^LnNrfoc\J^^J.-H(\Jr\J^^l^sor^c^r^Ju"^eo.-^u^c^'^cor^ 
fvJ^^^o^>J-l^^^c^c^^cocco■o•--^(^Jf^^J•|J^^o^^a■•0'0•— 'rv^NrLrs^coo'0<NJf^ir^NC 

,—  r-^.— »f~^r-^rHi— ".—I.-*.— irMrvjf\^(\j(vjfsj{\jf^,rornrOfnrnro    h 


r-l  II 


•     •••••••••••••••••••••••••••••••••••••It 

•00'T<>^na)s^C^|^'--'aD•4■^-Ht>^I5^<^J^-^<^ocaJ^^^-^^coO'0■--*^o^n^^(>^^Ju•^o^^^ 

._H---i.— Ii— (.-H.-Hi-Ht-H.— (■-H.-Hrjf\j(\jr\j(\jf\jrNjr\jfornfOrn    h 


.—I  V 


O^DO^C^^Tu~^f^Jl^l^coc^^x^^r>^-•--^(^JO^^n^^Ja>0<x^n^Ol— .^>rOrui— *^o^^lAa»O^^OO^ff■^ 
•     •••••••••••••••••••••••••••••••••••••••II 

OCr-t^o-sj-   ^^--(^JOO^o(>P^cD^ocosOco^MOOGOO^>^<-H.-•^na^^^^lCT■'^^Mfn^Oc^Jr^fVl,£)'^<^J    « 
a-t-<u>cofM  oOL^^OlAOL^^f-<^^  >r  or^  ■^rjcrr^Lri'^m<\jf-HOOoC'-<c\jmNj-^coo*\jir'CO   » 
.— ^f-^^-^fMfsJ^ornvr%rlnu^<)^l^a^coc^OO•--•r^Jrn^i■u^^C•r^coO'0^-^OJC^Nrl^^^Ott 

— <.—     I— »t— <t— *»—     •— 'p-rH,-tr-H(\J(NJf\lf\}<\J<\J(NJ(\J(Vr^m      II 


CO   *j-    ^ 


■J"   'J-c^nJ-   mvOi-i«-ii 


oa~«-iCOGOr- 'oocorsjcroLnmm.— «OfV'0'CDr\j(7'0'^<\jNrCT-co    m 


u^^OOr^^Or^r-tf^lA'X)C^Nrf^J^sJ<ro^li^lJ^\DO^^v^^^Ou*^^o■^^<N^OOOJ^i^^np^sJ-<T^ 
^^u^coO^^»£JO^n^^T-HlAOl^^Ou^O^<^Jcol^^^— t(r)tr^n^oa?\0'J{^Cv.,-iOC^0'0^cr 


uj  :*  I 

a:  z 

3  2:  O 

_J  Ck  t/i 

O  LL  Q; 

>  I—  <3 

I-  LJJ  I 

o  :i  u' 

a  X  u_ 

LL  t— 

15  -c 


f^  ^r-j-  r^fsjo^p^ir*^ 


f\lCvJro^^c^(^JvD^-'s0^oc^^-x^£)^r-o^«^^-.-^r*-^r^-*co■  o^ 


b^t-.o.-*moooajONroxcco 
.-Hr-it— '  fvf(\jt\jrOfO>r 


00^0^(\J-Omi— irjinch-^^cOt— i*C'J"mLPO'i/>rsjro 
Ornco-J"Oir\r-HP^rno>ornocoinm.— lC7-^-^CU^>r 


p^coNOOm«— "^'OifNfOQC'i 


rjor-«--tNr^mo>rr^cD^-s3'Orn-4-   ^r\ja3(\jir» 


'-Hf\j>r^<r)Oroinoo<— »'J'r^.-H>roor>Jsi3»--*u^Oinou^»-^f^rocoirN.--<aD'ri— I 


u   f-toosO'O'J'OCT'ir^-ocsifoOr-icDor^Of^oo^rorjr^r-oofoO'-i 

11    ro.--l^^f^^^oO^O^go.-l^w^i/^fs.(^^-)C^P^u^^OcO'— i>orn>— ir-ifM 
ti         r-Hf\jrnu^i^a3.— crou'>ooorosOcrf\j>oc>for^f-.inON}-O^Nra»>r 


II    (^JC^o•~^^rco-J■^c^c^O'-4l^»OL^^(\JOOO(^J^OO^ 
M  ^-<m-j'Lrtr^cT'0{\jvj-r^(7'.-*^p^omNOO(vi'00' 

M  F— I.— <»-H.— I.— if\)(\j(\jmmmrrisrN3--j' 


■— 4C7'  ^coi— iir\omr^Of^r^OfMir»r^Of\j 
(VJl^u^-^   'r^^Oco<^J^O(^JOOLf^^o^«^^^^<^r^O 

,-l^^^^^fVJfsj<\j 


M   ^£^c^■^omc7'^^•sr(^J^*-c^O'L^^o 


II     <-4OOOC0.-HO<-l 


^^  "-I  <\i  t\j  m 


^O  CT"   o 

•    •    • 

r-i  m 


X  t/^ 
as  < 


f^<r^c^Of-tf^J^Osru^*o^^cDc^o»--4(^JfnNrl^^^o^^aoCT'0•--''^J^o■^r^u^o^-cD^o^— *r\j<<»^i^ 


ri    vrLr"'<^f\J'~^OLriiOr^'Or^ 


^   CM   O  I"    ^  ^ 


OO—-— '^—'OOOO 


fxjvT   mir>irvo-moco*OrNjr-'mO'*J"'^ifNJ  om  o-  (nJi 


^-  H 


r-t(vimraf\jO"f^'J"0"0'X)>ocrc7''.nroof\i-0-Or^f\j 


r-<  tl 


r-  o-  CO  in  O  CO  -r 

Cr  >o  m  .— I  o  u^  <— < 

r-H  o  •— <  sO  o  in  o 

J-  ^  in  Ln  >c  ^1  r^ 


oiOr'l.~t(Xir-4,-,n^On'>ina~U'>r^    -T    vT 

a3(\j'ncDOr-*f\/,~4cr-mo^o^<:o>r' 
r-a3cooocTOO-croDoor^r^X)j"ri 


fNj  (Xi  r^i   ro  ro 


nJ-    f^    fsj  u-\    Li"^    ,i5    r-    .—I 


crc3  0i>r-rn(NjoooD-rcr 


cof^J'r)'X)^J^O■o.o^-^^^- 


in^JcroovCiO-j-coooo'    ^-roooj-nomo-^ocoo-inosj 

OsJ-ccrr)r^f\j^flOU~sOC\j    ^0-t\J    ^lnu^^rJl^_'^^^nu^f\J^C'sD 


-J-  r^  in  in  r^  -D 


co-j-vTmr-a-.—  ^Ovt-tj-OnC 


^^^nc^^.T■.~^s^^-^mln.o^^ 


cr-r'-*crfort)crcrooa-^'-'Nrf\i'Ci>TiAcoO'--'h-r-r-'nsCLna»^.--<^.— .^ 
o  -rcoi— itno-ror-  rMX)Crn^r^ominr-cocoa3-0(Njr^  Or— 'C  ^t-m 


r-"  H 


r-cor-  o^^  fNjcDco-— •^JOOLnh-O'  ^inmcoo^r- 


o^xiiNjacr  u'^r-ir\r-a-ofv-J"-o 


f--^0■-'^^^f^JtO-J"■--'C^>OfvJcor\J'J■vro^sJcoC^^— <>rr^oor^r\]ro^u^rorornvrvrsrNr%r 


r-r^    ^OOO^oc0^nO•-^cD^O*^| 


O  rn   r-   cr 


ir^inm.— lO^coo  NDf-Jino  •sTcorofO 


^yrO"^^rnrnu^r^'-<sTa.*r\ju^r^o^iXJU^oooo^o>UiO-o-NOiricor^rno^inooa-(j'CroO«— 't-H 
^^C^'--'•J-^^O^o^a^^o^o■f^JOC^^-J^ncoOf^Jv^lnLn-J-fOO^OO^oroou^  ,_,-t,_(r-* 

r-^f— Hi^r\jf*j<\((\jnT(^rovj-j-^a^u~^invO^NO^O-X)^*0>£iLninj'rorg 


in  (V'   sJ3  o"! 


coror-oco.— 'OO    C^ 


rjr^CvL>coco<:(x)vrcoaor^cc'Oraooo.—  1^1*^0^,0 


oou"'-j-inr^-HsDr\)Ococo(^aooooo(Xia3^rjf^co-rOfrf\jr-f'>Ornr<,j:)Cr'0^f\J-— 
,— (r-i,— «^-r\jfvj(\jrg(^rorr^O'vrininu^intninuNinininir.  -jr'r^.— ' 


r^  J-   m   -f   r-  oD 


comx)-J-c>c0O^rr>aon-i-j?i 


rr-a   co^-'^vrLnr^^ro 


mj^rr   ro<Mtnmor~->— <h-«— ' 


fMir.  or^inin>oor'jr^(vj<l)u^rjc>^rnoin<>»--^t— ^oc•--^Of^Oc>00^^0^0•--'^yo~'^J 
.-Hrj^inf^O"<-Hrn<)co.-<r^'jrc>»— *>rf^Orsj^r^<TOf\jfOrornrHor^fvr*C7    0a'>^ 
,__,._Ht--ir-tf\jrNjrsjfvjf^r'>r^%j-vr-Nrvr-j'inLr'ininLnininsr   ^mf\)<\j 


M  oroincor^O"  ^rf-tOr-mcoor-cOfV'-CiGo^r^r^n-iomr^ina-i-JOinn-iaoro 
l^^n^^Mu^o^D-^^^^o^Olnr^.-^^oc^o^^r-4J^cpO.-^0^0(:^(>^rlno■lnfn04J 
K  .— (.-H-Hr-<p-.(\jr\jrvjfMmmromsrvr'r^-j-Nrj-'j'-j--T-4-^ro 
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r\jrH.— *.-H.— «r^Lf^co<-Ha^O'O^^Joo<J>J•oo(^J^^J(\J^nu~»co^^l^\o^-J■Ov0^^r-^c^■3^^^ 
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>j-mcDOO'-Tir\f\jO^'— <mf-<tr*j> 


{\j  o  'J"  m  o^  o  r*- 


OinsDf^'OmOr-trooo^i 


r-ocr^j-m-^^mr^r- 


^   rHco.— •;r>rrioDf^f\jrra^.-tcDOcc 


o-«J"vro"Oir\f^'j''-<mo 


(^f^r^f^^^^J^oo*o^^c^^JCDxOco^cc^•oc^^Dc>'£>c7■^ocoL^^oolr^r--^J■^o 


ONrm«£)ma^t-H(\jr*-; 


^M1--l^--^^^J<^i(^fnsr■4■l^^^o^^^^(00*0^-Hf^Jfn^[r^r^aoO*0(^irn^^^^oooc>•— *<NJ-J'^r^ 

,-H,-H,---,--(r-4f-^f--*i--i.-Hr\irsjc\i(\jf\jr\j<\jr^rnrOfornp~)NrNr    ^J-nTnTI 


ODroOO^/^m^c^o^o(^ao^JOf^JO"CT'm 


<r  O  O  n3-  CO  -r 


f-t^OroCO-'MOO-J'    (\Jf<^ 


.-H.-^,-4^sJf^Jf^J^nfn^a^^n^O^«-^^flOC^O•-Hf^J^n,J-tn^D^*•CDOr-^^\J^nu^sO^^<>OfMf^ 

,-H.— t^HrHt— .f-Hf-H.— I.— ti\jr\jroO0fNj{\j{\J(\)r«-irriro 


.-^f-Hf-^,-^f^Jr^J^nf0^^flr\u^^or^^-coC^oO•Hf^Jro>r^r^^c>^-aoc^Ol~^^o 

r-lr-<.-<f-*.-tl-t.-I^H.-t.-«.-t<\J<\J(\J 


iT^Ot^P^  CT'-«*"fMmr->J"'J'C0O'  •J'r^m.-tfOGO>Of\j.-«mr^^mLOOr*- 


'j'  'O  r-  c 


<— i.-^rjrvjcvjrrirn-j'  •4-ir»m^^r»-aooocT'00*-tfMCTiNj-ir« 


(\irrimsOGoofvj-*"r^oror^O'j'aDm<oror^<\jaO(^C7"(r\i— t 


ir»mojf\jmo^mrooimotf\mmr'>00*^if\c\j. 


ao(\Jaol^^mro^r*00>Dc^JOC^O'Om^- 
*-^.-^(^Jn^sJ■^^*«£)OOC^•-^^r^^r^oO^    r-im 


sT  oa-rocofoor^-NOiAiOxor^ 


H   fsjm^   ^ocoomNDO 


lOom>ru^*c^^cDO^o^f^Jrnsrl^t^o^^(oo^o^Hc^J^n^tf^^r^cDC^O'-4^Jrn^in^o^-aoc^o^r^Jrn^rtf^^^•c^ 
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II 


o  o  o  o  o  c>  o  o  C'  r^  c  1  o  (T  o  r    r-  c")  o  o   r-  c^  c   o  o 


— '         It 


>— <COf\J(\jcoOO^    ^    ^^    COCOITNCOCO^    NOir>(j.— (Cr 


O  m  (%j  CO  O  a-     r     " 


.— <  II 


O    vT    CO    1^ 


^    -J-    O   (y    O   O-   (O   <\i  I 


r— '  CO  ".^  00  I— *  c  f^*  f^j  r^  OD  ro  "J^  '—  f^i  •— <  ^   m  r-   r- 


.-H  H 


^O  Lr>  o^  CO  (Ni  . 


LTi   ti>    f>    03    OJ 


ltn  o^  CO  m 


ir\  o  CO  in  in  o  o  1/  >  u-\  f-H 


i(\ir)i^cor-'^co(\ii^roo^inr^joao^Oirvir\Lr>LnsOaDO<\Jir*0^r*ir--i^ 
|<^JfOsru^^^co(>■-^c\Jsru^r^o^.-^oovr'^oo^^r^J^^C^•.— <roir>cor->fn 
I— *i— *.— i»-i.— ir-ir-trv)fvif\jf\j(\jf\irornmromNj-vt    <t   ^    ^   \f\  <r\  ir>   ij^    -O   >o 


•—*  H 


r^oaDOi^a3j-u^oo-j'rof^L-><Dir\r-rninOr-ivCinoc>'XJOroorvic>o^^(V,--<Oir» 
cOln.-^l>0-3■^oc^J^^J^o(X)^o^sOcOf-^^cooJr^r^J^-^oo^^'J■(\JOC^cor^O^>coc^<— tr^ 


icooLnmo^r-c7-minoa> 


cDOinmcD^cDinmoa'  rvJO^oooocoor-  aDfMfv:.r\i 


II  r-< 


oor\jm-j-<rmsO>or^cocro— •<^Jm^u-^^D^-ooo.— 'fsjvj-   ir*r^coo-- <romr-ooori^   ^ocoo(^J 


^f\imr-   m%o>-HO 


CT-0(MOr-iinvr   .ofMf\JLr»rjmcONOO"ir«  >Toou^N£j»-HO.-«h-f^o<oo^mrvjvro 


.-«r-<r\jrgmm^,r   irvNOO^-cocoOt— toj 


,— l,_^,_-.,-^,_H(^a<\J{^J<\J(^J<^Jf\irnroplf^lr-l^«^^n^-J■-J^    -j 


r-co.— if^r^OiTsmu^ 


o^  >->  4^  s   -o 


-o-^i^ooooinro^o^r-  cof^'-H'Nif^ii^^o 


C^<^J^OC^^-)^--OJr-f\JCOr^o^£^fnocou^   Nr(\j»-iOOO"OOr-t<Njf^mh-ornNCO^   roh-ro 
--H,-H.-Hr^Jf^Jrnm^^u^^o>of^cocoC^Of--•(^Jf^Nr-r^o^^aL)C^O>-^^o>rtr>^c^*C^Of^J 


>ooo^^r^Osrco^ol^r-'^o^vJco^noNDmor^u~^rn.-Hoc^GO^-^-r-p^coo^o 
,_(,— I.— <f\j(\jr\jrnm-j-   ^tT'irN^r^r-aoQ'O^Oi— lf^Jf0^o>4■L^s*0^-aoc^O^^J 


u  .-« 


C\J  r<l  nO  o  f^   >o  r^ 


ir^LTiNDOa^ro^^-rNjOOmoo-O-Ooom 


■    m  oD  ^ 


O0'\i-0f\icro^'-^sj"0r-r-0"  f\jcoir»irNr^  o*o->j 


ooNj-oaoor\j<fr-c>f\jsOO'^-OO^Orooomco>rO'ii^ 
r-i.— I.-H.— ti-HOofsjrjroro-j-^^triLnvOOf^r^oo 


N    ,— imtr*a-mc>r^ir»or^ 


.— <r\jrOvr-Or^CT'-^'^u^oOO'msOO'^iir>ori'NJsD 
r-Hi-H.— I.— i{\jrv)rsjr\jmroro    ^    vj- 


ooof^r-r-O'HLriO-oro^oO'Ni 
— *r\jfn-^i;>r^coo«-<romr^-   cy^  •—^ 


■    r-mcD-T—'co.Oirs'j'vf 


r-4,-ifMmm*rLnor^ 


irs  f^  O  oj  in 
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•   a^>or^co<7'0'Hf>jrn^inor^<r>(>0'~^fNJ'*^^t''N>or^a><>0'-'f\jf^-r^-or^crO'0<-^ 
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un  o  r*^  r  I  .— 1  .—i  f\'  c*^  m 

,-1    fVJ     ^    ^^    fSj    r-(    .-< 


r"  p->  ro  ri  vj-  r-<  rn 


—ir-iOOOCOOOOOOOOOOOOCOOOOOOOOOCO 


QO-^   sO^oor^f^-r 


o-j-cDcoinooi^'— <o>or-Nrr^>o<-'^^cooo-T    m 


omrjr-   sTfMCT'ioornm.— tr^oof^ 


^co-H^r^oo'irtr-m 


•       •••••••♦•••••••••••••••••••••••••••H 

sO-J'tNi'—''— *•— •'--*^sJ^O(^^^foror^Jr-HOC^co^^l^»^nf-HO*^^^.-Hr>-NrOa^•— '■^Ou^O^ni 
u^^c^^aoc^O^Hr\J^o^^^>0^-coc^OO.-H(\J^n^l^^ln^Of*^<X)COCT'00'--'•-^^of^Jf^J^Ol^ 
,_i,-^,>^,-^^H.-4— *.--l.^^^^J<^Jro^^Jf^J^^>fMr^J(MrMf^JOJf^J^n^npo^Of^^nrofnM 


r>-Ocoor-co^inr^o-Tr^ 


iriCD-Hmxj-ro^HOOtMminNromsrmo-rjrn-^r^.— iooOnD    n 


.— *         ■ 


QOr^— *<X)Om'-*co^^Of^ao 


-^^O.— (mvrirv-r<\Jcor<iococoi^'-<Ln*c>cmooi-*fNj'-»<om'0   m 


srojfnsDrnr-irnsO'Mcrcococ>'-»r^^OO^«"*J"tr»r^p^f^inr\ico 


*Ooor-'0*Mf^OCM»-i0^io0^f\jfom    n 


srcOf^J^o^--^^£)^^^0'^Jl^<^0*u^f\lCO'TOP-<^O^u^^r^^nO'^rOlnOlno^^^0^^co<^JU^C^<^I^OO^<^l 

,__.,-H,-Hr-^.-i.-^.-H.-^,-H,-H.--,-^r-H,— l,-^,-^r-^.-H,-^(^JOJt^J^^|<^J(\i<^J 


r--  nO  o  nJ- 


OfSJO(MOOOr-lfOOO<^|^r-t>J-h-0' 


OCO-J^OrO'O^-r^    lf>(\JCO(M 


omo>^sOci).— «r^if\sr  srsOO^ncoroo^irsO'OfMh-i-Hmooo 


rj  .-t  O*  nO  (sj  r- 


,-J,-^,-^^-H^o^^J^nfn^nv^J■!J^l^^^o^£)^^-^-oocot>C7'000•-^»— *rsjfMr\jro 


(Nji— tr-if\jir»or^ir*moo'J'OiAmoo^cor^^m'j'roor^^ou>o^ 


II  <Mr^{\i<o^ir»mr^oir»f-<coNOm^r^oo 


r^  O  O  ro  -o  O'  <Nj 


.— i(\j'j'ifNr^0^rHmsOQOi-HrosOCT'fMir«co<N»u>oo'NJmcD--Hm 
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.-'  ^£)  cr  o  CO  I 


^£)^-^/^O^o^o.—  -OoooDt^C'— 'Or-- 


o-— <f^-j   -or^O-.— ^f\j<r>OcoO'Niirvr^Or^-rr^Of\j;ooO'~-j"r^  ''.  ro  i-- 


r-Htr\-OiA^-vrroo^irvr<tcooaoj    ^  \r\  . 


-J-    U>   rj    r^    CO    o  ^ 


•—I  II 


(0m^n-t0DO00mii>mc00^s0OO(^    o 


f\j  O  -r    J- 


o  vO  cr  o  en  r^  ^o 


fMOfVi.— .4jir~rO,0-TC7'Omf^Lr\O^O^J'NO<^f^     O    —   r-tOO-- 


f-j  n 


r-  coLf>cDr-f^J<Njc^'— <o^<-^Ovrmaoc^^^^^O(^J-r 


sO-Jo-oo'^f^crocisCNOfM 


r\jf^^srinvC-Of^oDO^Or-^rvj^LnoaDO-Or*j^inr^C>Of\lvr^<DOfM-j.C<»'~Hf*^i/'^r^ 


sCu-^C0I^O0^^0^sJr^l^■--l.-^X'^0•^^>0lnOC^'^^\J^0lnc^|»•-H0■^0^0^^'O<DOr^<XP(^J*^  'n  rj 

.-Ht--i.— '  .— «.— ^.— '»—  .--»rir\jf\j(sjf\jrsjn*inmo')roro  vj-   ^   %r    ^   -t   \r\  <rs 


oDcornmr--  OOcO. 


CO  O  r-   CO  ro  I 


f^   sOCD-Of^r^--rocoaoir»sD-— tO^'—r-f^   oooOrorjvrC 


i-Hr--,-Hrsj<\jfor0^vr<x\ir<NOi^oo(>o«--<<Njrn^u^^r^coO'— '(Nio-   inr-ooo.— 'roj-   socoo-*—  roir-r-- 


o'lCD^OO^r^  oofO'Nl'O-r   iri.--''-»iri 


Nj-OO^vJO»-HNOvriJ^ro^OrwaOr<-^ 


<V)    1^    lO    ^    O 


,_^r-t<-(.— I,— 4.— (.— ..-tr-i.— <f\Jf\Jt\J<NJf\J<%j(NJCorOf<l 


-J-    J-  r^  (M  O  o 


O'-^ii^m-rO'COOtnn-iLr* 


OCsjOdSm'— 'roi^r*^roO 


a^r^c^^MN^(z>.--tL^iO"^^oo^na^^op^sr.-^c^^^u^^f^^-l0^cD^-^*-^-^-coc^o 
,_),_(,— i(Xi(\jc\*nir»-ivr   ,ru^-OsOr^cocDC7^0'-*rsjmmsrmiOr-coOOfvj 


or^kr>ior^fMCr-co.-4r-iAr^fNj(7-o 


OOOOrocO'0%OCOf^ 


M   fsj^o-om(\jm>0'-<CT*0'fMr^ir\mr-ocNjaoiriir\r^o>o^ 


0'-tfOsOOmrorHfsjif\a''0<NJOO'-*mr^'^^ 


cor^    sD^O-OcO•-^lr«0^0<-n.— <00<M 
r-Hf\jmNrirNf^Q0Ot-Hromr^o— » 


M   r*  f\j  00  nT 


CO    O    lTi    nJ-     sf 


r-*.— 4r\jmm%rir*NO'^ 


H   in  r^  o  oj  IT* 


II 

N   in^r^coOOi— itsirn^in-or-oco^o 


„..(NjrOvrLnsor^ccO'0--<<NJf^'J'u"\>or^cDQ'0-Hf\jm,j-in^r^Qcoo 


"      to     LiJ 
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II      O   fVJ    lTi    ^     O    ITS    J- 
II     ,_.    ,— *    f\j    .— I    t— I 


tr>  Lpi  f'^  J^ 


OOOOOOOOCOOOOCOOOOOOOCOOOOOO     II 


(^ino-or-ocTirvr-ioo 


ico.-«t-ir^oo*-Tiomcoaoir«cOOD>r^ir«0    n 


^  nO  fv'  nT  CM  nC  ir\ 


>or^rovD>j   OLrmr-mt^omr-^   co 


ln^^O^(^JL^o^>rc^l^\•--*GO-O^^^^J(\J(^Jf^J^nLi^f^o^nr--CM^-fnc^-*^vrc\J,— (O 
r-H.— I.— It—*.— irH.—*.— i(V(\jrvj<\jf\jforomrOfo^  ^  >r>r  srinLnLPiir^   oo-or^r^ 


•     •••••••••••••••••••••••••••••••••II 


r-    coro^OC>^^Crcornmr-r-(vrM    ^o^Dr-^r-l^O^D.— 'OsO^O 


r-ixO^CtNJf^l'^Til'^vr 


l^^.Clf^cocoC^»-H(\J^n^l^\^-(oo*f-Hf^JxflX^(^C^OrvJ^r^ocoOf^J*J^a3•--^^rla^cr>o^^ 


.—I  H 

•— ■  It 


•     •••••••••••••••••••••••••••••••••••••II 

^o^li^a^^c^^coc^O'-^^vJ^n^rlJ~l^occ>(>0'VJ^nlr^sCooc^'— 'n~iinsDa30f^-;NrsDa;.^ 

,_H.__4._H.-H-Hi-H.— it-Hr-*(\jf\j<\jfsjr\jrNjr«jrrioirnr-irriNr>r-4''j'sra>ir\fcr»tf\ii 


c\jm.-HONr  ^HfsjsOir^aotnNOf— 'r-i-J' 


.  ro  f>   <T  r^' 


mo— 'Lr-Nrcoi^P^(\jr\i>OLnr*^Lf>OCT'rjO    h 


fMcvjmro-j-  lr^m^o^-coc^o^-lf\J^o>rlr^^^l^-ooo^— tcM-r  u~>r-Qoo— 'mm-ooDOo.jxy  ^oooc^^J 

•— iinoj-  cir^o  ^mo>o^<NiOoor^  >o-0>OP^r^coO(\Jvrr*oror-.— (ir\Otr\i-*r-nor--irs(\j,—  ct* 

,-^,-H.--<.-H,-Hf--<.--..— i-Hr^tfM<Mro<MfsjfSirnrornrornron-ixr^Nrsr 

-J-Ocor^CT'<^0— '■^OCTtMCO^^C^•^mu^OCT■OLi^■JU^OC>Olr^^^l^»OCDC>^^vJfrlco 

,— (,-,p_(,_^,_H._i,_«t— I  I— <rHr\j(\j(\j(\j(sjf\jrvjrvjroro 


X  1^ 


M   ^o^rlx>o^^^c^ONroO' 


in  (\j  f\i  in 


croo-   .-H,-i^crcoomoOfnaDi^oo 


r-tf-t«-ifMc\jrom^-j-mmNC'Or^aoO'0'   0.-<(\j(\jmsj-in>cr^aooo— < 


odcci  inro<\jromoh-^-CO<\Jcnr^co»-*r-ir^sOO'>4'fMr\JtnOflOr^o 


M   c>Of\jina'a^<sjo«-<fooo>rf\j(\j'4-corn.-Hr-Hmr-mrH 

II    •~-^<r^ocoOr-l^oO'*^Jl^lOOf^^oo•J■oo^ocofoao^-lO>■^n 
H  r-^■-Hr-^.— <r\jf\jf\jmmvr^^inLnNO>or^r^oo 


II   m<NJOCD^Noa)o-roi*^iAir\.oo^-j'Ooo 
ti    •~^rnln>ooDO<^Jl^»r-Or^Jlf^aJ.-<»J■QO<^Jlf^ 


G0s0^*■<^•-^000 
rH  (\j  ro  sT  in  o  ^- 


n    in  00  ro 


^^ao(>0'--^<\J^n^ru^<)r^co(>0^-^(M^o*T^n>D^^coO*0•-H^g^nv^u^<)r*•ooc^O'Hf^J^n>rl^ 
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O    C-   C    O   C.    O   O    C>   O   C    O    C-   Cr    O   C    O    O   C      O    O 


r:    (-  «"     o  o  o 


r^  ir>  a    o  r-  O  o- 


r^  o  o  vO  CO  r^ 


r^  f-  ro   ^r 


a)(^J^f^J^^^yoco^oo(\l^<^-J■l/^^oOl^^^rT^.-HC^«J^^^JO^O-^c^ 

,_-l.-^,_^,_.,-Hf^JrMl^Jl^f^J<^Jro^'■lrnfO^OI-n^Or^lr'■.    r-i/^i^T     -j     <t    -T     -J-    <T 


sOOtNl    J'    rJOCDa0^x^c^C^^- 


r--  o  f^  o  c  > 


uor^cri^jina    -r   o  t\   •£>  t^  cd  o^  O  O^  (J^  cr   <x>   ^    f   (\i  cj  t^  rn  o^  ^rs  r>  u-% 


f-*  II 


sTfVi    £)J-COr^c\jro^O 


^T    Ct    O    l/N    CO    CO 


o  C>  r^  -— I  r-i  CO  .— 1 


-o  a-  1^  "^  ir\  ^    ,  -1  J 


r^r^r--coc-'— «'j-f^C7>ooooocrQor^-i.>NrrvjocoiA--HCOvr  Ovt  o^  s  to  'm  sO  a- 

f^coc^Or-^fv-|^^^^cDO^Or-Hf\.l(^Jf▼-^^L^v^^~cococ?■CJC5■-Hr--.f^Jf^J^'-.(^<J■    .j    j 

.— <   -— '  --H   1— (  .-H   »-H    .-^  ,—    (^l   rNj   f\j  pvl   rvj   rvj  rvj   r\)  f\i   r^j  r\j   rvj  r-i    ,-^i   n^   PT   n^   ro  f^   rn   rv,   r--   <■ 


t-H  II 


r^co'^-j'OCT'Nr^t-r-o 


t-^    r-j  a-    ^I     >0    kT- 


■j-fv!— <OcrO'    O-— 'OOO-cor--    Noa^<^f\iooO'i^rrior-sr    o-rtMi^ror^— <    r'^n^r^f>    n 
msOr^oocT'O-— •fMr^^vTiTi.or-coo'O— "•-Hrviro^r   ^lf^^o^f'^-^-oDcoa'^    ooo-- ■   m 

■—•■-Hr-^t— '>—«(--<— ^.—li-^i— '<^J^^J(^Jf^J^\JrJ^-l(\Jf^Jr^'r^.]r  J   f^f^c^jr  J    r^jr*lr^    ro    ii 


iTv  O   O   vj 


ro^mLP>LPt^    r^Cti^O 
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^J>.-^a^C^.--'^na^f^oQo^'--•oc^O(XJv^a^^oO^^O■»r^"lOlst^oO'^^'COJ■•—  CTflOcoO"'— '>rco'*^CT 


■J--T   oorjOmc   or-«— iinoofXjLnr--   or\jmr«')mr\jCT-   ,c 


I   r\l   f\i   O   CO    vT    O- 


■    cOf-tmocC'OOONTsTfvir^orvjfvji-HOO'j   coc^c^   sLitxtu'^^CNr*— iu'~»sDm(Nj'^c^ 
It    sj-X'COOO-— i>-<'-<.-i(\j>3-sOOJ'Om.-Ha-r^'£jsC'r-o   .-H^a:rooo^.-tOi^vO 


II    .— •  CD  r\j 


-J   OinOOojf\-'crr-if\jomr^sO<vjLrm.-'-j'   -romroco 


M    ■j-m>r-j"m(\joO"r>-r^r^r--Or-*^p^r-<^ocNjcD^nmr-iooo*-<^j 
M  r-ti— '.-«f-ir- 1,— (i-HrvjrorvjrvjfNjrvJrororr-r^. 


r-(fvi(xim>r  inLnsDr-coa:'00>— -fvi  vj-Ln>C'OOCroog 


CO  r-o  o  in  u~> 


ir^t— <cocij(\jr-i>j-ojirs<Nj   •Jt— < 


-^rsjr\jmmvrLnirvvOr^r^coo^C>f—4CNj 


n    fvio^cr^-O'-''-''— •(V^£)^nm^D 


H  — <.— (rjrjrMmm^NriTiin 


n    m^ClaoacOf-^o-H 


B    O  rn  r- 
■      •     •     • 


29 


.-'^OLn>r<^'-r\^r^-r> 


coooccoccoooooooooooococccoo   H 


^^  II 


{\jr«-..ymroir»oO'Or^(\jo*o^'— 'h-u^r^ 


ooomo^m^Q*.— «r-r^^ 


eoO'^f^o^<^^^Lr^^^^cy•^D^*■0^-oo■--'aocof^JflOoo<^J(>co<^JCocof\Jaoto■— < 


>D«£''J'0   vDf\jh-c\j   ^o  ^-*  >■  c.}  CD  >t   ■"HCOsDtnLTsLnNDn/O'O'cO'TOr^j^Lnirvo 

^r^.— lOor^OiT^-j-  mo^-fo-— '<ocoo^£^u^r^f^JO'-^^Dm^•■)^-  >rn>DfNjr-tm 
■-Hr^sror^u^<\jO<or-m-j'  ^^omNrvru^^ooooc^J  vrr*-omr--^j'>OLno 

,-H^-^.-^l-H.-H.-^^-^.-H^-H^-HrH(^Jf^JOof^J<\Jr^Jf^-■^^Jco^nrnn^ro^n 
^ru^O"lf^Nr»OOcca:O^C"J"L^^o■^Dl^^GO^^r—  fvr,£)c\jf\i^<>r^ooc\jc^aO'— 'NO>rir> 


0\Cir<r^rorocof^ 


OlTNLnO-— 'COr-HOLTNsO'^NOun 


f\jOLnir\mNO^DroLf>NrO" 


u^c^Nra'^c^■J■o^o<^JO^tf^<\JC^f^l^<ro<--•c7'co^-^^^o^*D^ol^coo^o*\J^^ooc^^^ 
^Jr\J^o^o»rNrlnsONCf^r^GDC'0^0'-*^^Jro^n»J-J^^c^^coC^O•--'f^J^nl^\»Of^coO'•~^f^J 

,—(rHr-l.— !.—(.— li—t—4.-H.— I,— 4r\J(V(\jr\J<M{\Jf\Jf\Jf\JfOf<) 


-H  M 


f\j.-H.— I0'-*^n>orooo^no^^3,_^^^^c>0-00co0u^a^oo^0o^^^ro^-lr^^-fn^ 


oc  r--  o-  nO 


rocOL^^^J■^r^(D^o.-4#-^^n^^^n(\JsJ-r^^o.-^^^Ja^•-Hcco^<-^^O^o^oa-^o^^^O(I5^^JC^ 

soo-mr* llJ>Olnoa^o^r^JCO<r>-'COu^fMO^^l^l>^rui-^OC^(^cDaJco<^lJ'Ol— trri<r>o 

r-.r-l.-l.— l^r-t^H^H.— I,— (rHr-(f\J(\J(\l(\JfM(\JC\Jf\tfM 


X  a  2 
o  <i  _i 
3"   CO  C 


C3    —J 

I    I 


roor-CNJirvr-O"  oOfvo^mcDrur-   vj-'-tOOfMu^  or«-T>u^^£<Oir>rj.-«i 


srcoN3-(\j(\jsrcom 


.-H  vj-  c^ 


a'mr^ONr-J'n'i0'-J'^c00D%0-J'O^£J.— imtDi 


ro>rmi/'>r>r  c\jocO'OfvJOmr-(sD»—  sOO 


,_,,— .r-tr-tr-!.-*,-..— I.— t.— I      .-H.-»,-HfV<V<V(\jrO 


r^oor^oro  cr  ■j-u^oo-^coNOOor^oor^'-^rMO^oiri 


o-infsjr^oo^  sOOr-«o 


u-^r^.l.— ^.--<>r^-(VlC^^-^^ooo»rocof^^-o•^c^^^^o*oc^^o^r->o^-o^r-^cou:>Of*~loo 
.-^^nl^^f^OrH^r^DO^(^JU^O^^\J>oC^^or^oJ,OOlno^>0>o•-^r^rnc^sOt\Ja■^^^(\JO^-•^ 


O  _j  I- 


H    srauomNDONOir*-OCT'^o*oC"r^Qom<\jNOvrr^Nr>ijrri>ro 


r-  CO  >r  in  o  <— <  r^ 


•-H<^J>r^oa^OfvJ>rr^c^oJlr^cD.--l>roD«-*lAC^^o^*.-^^^>Ol^.o■>rOL^^o^o*^J 


H  ^^ 


O   Z   (^ 

a:  uj 


II   ocoa'0>«-0'tr».-tr-NTc\jr\jo-iir.o^o-J'inoofOrHi~imo>or^oin 

n    r^j.— (rocorno^r^NDin%ooo»~*Lnor^-rf^rn'j-r-.— isOrvJO'aoaoOfNj 
M         •-^(\jr'iir'^(Oc_:>(\j%TvOC>r-tNrsOC><NJU^oor-iincot\jinc>roeof\j 


II  votjL'Crti~\(\jQum%ocDcrc?^oONO>rfNjoi^.j-r\jocoNO'4' 

II  ••••••••••••••••••••••• 

II  richo-— '•j-f^fvj^-mocor-r^coof\j'Ci-(r-*^-^oo 

H  ^-Hf<lNrli-^^-coOf^J^OLr^^-c^f^J^r^oc^.— (Nf^-oro 


M    OC'QOOOuJtNJfvJONririrnOrONrcsja'f^ 

u  ^-l(^Jr'>^L^^coc^o<^Jmlf^^-c^otv 

H  ,_4,_H,_Jr-lr-lfHf\Jf\J 


H    ^oooDintT-r-ooo.— too 


.— iipirHcourimfviooooOfM 
■— ti— if\jm>j'ir»s0'0coo'0 


.-HOr-oi^-OCT*>r 


^  r^  (\j  »o  f-i  nO  <\) 
f-H  ^H  r\i  <\j  m 


sD  o  r^ 

OJ    CO 


I 


r^a^(>0'-ic\jfOsrinNor^coc^O^H<Njrn-^insOr^<x)(7*0.-<<Njni>j-rvsor^aoc>o^'MrONrir\.or^ 


H     l-i 


II    r-    rj   rj    ,— .   I 


■  r^  f^  ro  m  ^ 


c    o  c'l  o  o  o  o  c  o  o  o  o  c"  o  o  o  r:  o  c  c  (D  <r  r)  o  o  c 


O'  CO  CO  o  ri  CO  in  .r  0^  (^ 


f\J    .-H    o    t  i 


c\]  c  r-oo-— <4?f^fN)i*^'0. —  oor^co-'-O'Ni— .fNji 
^-  ^0  c-j  <D  lO  .— .  CO  in  f\j  O"  r-  -J  fx)  o  1 1  r-  o  in  .t  , 
tr   O    O   O    <—(  r«j   f\j   ro    ^    .J-    J-^    vO   f^    OO   fi  •   ^   C->    ^-<   r\j  ) 


ror~if\|srcor^'— •»-'CO<^i-4 


-Ti-vjo    J^oj^r-o 


tn  CO  .— <  in  C  r^  r--  r-*  'j^  o  u^  a    -n  o  m  »-<  h-  m  ,-»-  m  cm  ^   ^  m  o  co  o  -r  rv_  c    o  r- 


m  rvi  oo  fM    D 


a    a-  r^  fvj  r--  00  Ji'  o 


rvj  Q_'  ro  -n  in  m  a.1  O 


^    O  •s   o 


^^^r^OaD(Vl.O^^JOO^O'•--'tx^•-'a^^P^O'J■OcX>^^C^<X^O^^.-.--^r.   ^^cOvOr^ 
*D  0~  <^  u^  CO  CM  in  o  m  sO  O  in  o  -J   to  n".  ao  ^r   cr  m  C)  nO  fvj  O   n  cnj  o*  %o  r-i  o  ll'  ir\  f'  •-* 


O  m  tn  o  rvi 


€>  O  O  in  sT   ,o 


,0  'D  >c»  ■— • 


OJDrri,--iO'QOCou)0-vt-cosr^oOf^j^^r--Oiir--OLn(Njoo 
Cr-— ^vr^^cy'f^J^na(^Jlnco^^J^oo^cOf^J^^•--'^0'— <vD<^jr*-r^O'    ^ 


CO  -"^    (^-i  00  o  r-  C'  CO 
m  <r    n  ij-\  ^  r-   r-  GO 


^rOcO"— ir-crr^   fvjif\r-o" 


r-  iTN  JT'  o  o  ""^j  cr 


CO  o  ^o  r^   'J  in 


h-f^,— lOfi— imo-H-n 


■ocy'rocofxjr^roor^invrin  -oof^oin-j-  romr-,— ir^^r  rom^ncoiNjcooinir^r-oin—ico 
fM^rr^O'rvivrh-OfNjmcO'— tvT  r^— '-tcoi^j-oo^  cnioo'^oD'^'XJ^Oin.-Hr^roo^O'^'Cr 
rHr— ..— «r-ir\j(Xir\)rnrnnim   ^   ^    -j-   tninm.£>sO^-r^^-   coooCTO^Oo--  r— .(Njcir-t    j"   mir>   -O    o 

o>o  XlO»c^oco'^J■~'0*•J■c^^c^-Oln(^or^  r-.— «r-co   -to-Oro-Hoo^f^  j-r^    -j-  -rr^    ro<Mrn 
f^ro-j-<)r^C7^rvNraDrvj^ooOsOvr^inr^-'—  in.— •0^^-^^c^.-^lnn-^a^<)a"'^aD•-l^^.JO^c^ 

,_,— ,,_H,_iriOorj(Njf\jror*-irn^-j-    -vJ^ininvOsO^JO^-r^ooooooo'OC'C—  .— 'fvmro-T    j-m 


mLnmoO''— 'tnrvjnjr-  -o 


ror^j0^^roooinr'^f\jrnoor--^Dr-oinrvj.--r\jinOsOinLnr-<"^£)o-ir-H 


r-i.-*r-t.— '.—  rorvjtMfNJfNjrnn^mro^-J'    ^rinmLn-OsDOr^    r-r^cocoO^Q-00'-^'-<(''<\l'*i"^ 


tno<NJ'— 'm<N;'— inr-  L'^m 


p-oor^   <r  o-   NTtTsTO^   -rof^-J"   (Vr-^oo-— • 


vT     vC     Cr     IN3 


ror^oucDNT  >— tooincNjocor^  NOio-sOr-coi— ^-J  cr  %j".— icor-  r-r^o*f\j%o»-'r^N3-  rj.-(,-.f\jLr> 
,_H,-H.-^,--jr-H.-Hfsjrvjf^jrvjrv)r^r'roro-sr'^^inLn^>sr'OvOr^r---f^coaocT'<y' 


LL'    O 


II     OCOsOCDr-OlAf\J 


mr^^mr-^r-ir-oo^'O'-'^inm-srf^jO  oojcoojsocr 


m—Hm^O^   O  -T  <y-   Nr<j-m'-40om(Njr-iO'0~   Of~*m<OOLn.-Hr^   ir<mrorOvj-r^ 
.— l<^J^Oln^o^-c^o<\J^OLn^-coo^^J^ln^-0(VI^r   >dc>«-'-j-   oo<NjinaD.-H-j- 


H  ^o■— "fxj-rrvj.j'r^moooomooinino.— tcorvjm^^r-Of— 'O-o-— ' 

H  r^joo-— '<^•u^p^O'^Ja^oor^J^OO•^C>tnr-l^--Ln^of\J,--^(^J^nu^^*-  .-h 

II  .— irMrn^ir*sOcoc>0'--'rn^^r^coO(NjroinP--cr.— 4<^iu'>r^(><vi 

II  r-i.— t-— tr-Hr-H.— 4r-if\jro{\jc\j(xif\jmmmrorn^ 


U  '-4 


f\jmco— 'cocDOmco^    fsjoo-j-ooixjomor^f-ir-oo 

f\jcoo^ininsO-OsOr--coCroojrooor\jNOOLno^ 
r-4<Njro-rin-or*-cooOf\jroj-inocoo--*rM-r'n 


coco-sTf^O'mrnNr   oc>-J'0'>0'~ooONr 


— ^,£)mooOsO-rf^JOcor-^^>J• 
r-l(^.'(\J^^-^l^^sO-Or^a^oo 


rr\  m  m 
rj  rn    .J- 


II    ^.— «o<^Of^Ln>r-TmsOOro 


OJ"momi-<coin 


vO  r-  .-< 


ll^^a:tC^O'-^^J<^>rtnJD^-a/lJ'0-^(^Jroo■u^^0^^aiC^O.-^f^JrnJ■J^>0^--^oc>0--l^l^n^rJ^^^-oD^ 
n  ,-H.-H,--irH.-H.-Hr-H.— If— If— ifvj*\jr^<Njr\jfMrvjrsjro*sjo^rOfnrOrornfnr^ 


^1 


s3--r(^itof^Cf\..-iC(vc-^coooo 


oc  c^ooococoocooooooooooooo 


rTio^or^ooirNr^r'i-jc>(7"<^(NJvr»c\jrnCT>0'r'*'-'Nj'.-HC\jh-r--(— tC'.-HCDO' 

.-<OOo^    oj   ^    .— (CO-— t>T    Ou^(\jr-i.-H(\jioO'Orrif\J(\JmsCi-H%£)>rfMro 
Orn^O*rj*Oo-J'cor\j*ooinoir\Ou>OvD-Hr^ro^ir\.~*cONr.— lOO'-T. 


o*JOt^^^^^CT^f^J^^f^oc^o*•--•^n^^fOCJ■^-^'COOr^cD-J■•— 'oo-— »-j'<oro 
roincoOrnvOO'roNOO-rr^r-'^Ovro^rr>ccroco-TO^--rO'OoocC'J'0>orr' 


CTO^rrvmcrr-cr-   srr-iror^rnojmr^m 


or-r-o-T-— lo^L/^ 


<:>  o  m  ij-    n 


.-^.-^<^J^o^o(^J^n^n^^^•^J-LOc^^u■^^O^C\0^^^^coa■'C^o^OO^--<.-Hr^Jf^J(^^n<rl^^ 


r-o^JO^o-OO"   •J-.— <f-Hm>orNJOx;G"0>rco-j"fNJO— 'o-'o^o-J   ■— iOCT^O 


i/^   O   -C    -sT 


•J■•-Hco^D^o^^c^^^a^■J'•~^c^O*0''"-ra">^oa?p^^^aoo^^r^fnor--•.O^Dcno-J-x.'J■ 
r^j^Lr((^o^.-HrosCco^>J-NOC>r\j,r:)0^rO'OOrnr^i-HU>0<ra.rocDror^rvir^roa> 


(MO-^COiT     CCO^O    j^rj 


mL^^^-o>r^-f\J^o»— txCfMCD^ 


cr   >o^fVJOO"0"C^ 


^0(T■•^C>^•-^C^O"(^O^n^^f^Ja]ln^nr^J^sJ^n^£^o^{^C^u^^Of--4.-Hl-^{^^DO^'^OP*-li^f*^ 

,— .r-'.-H.-^^--^f-HC\J<\Jf\J^XJ^nrn^o^ONr-^sru'^lnJ^^C^D^cr^^^aL■JL    u^cr   croo*— «■— itNjoo 


.—I  II 


mof\j'OiAO-^r--'^'j-a*(^cc>rcrvr(7'r*^r^ 


^  1^  o-  .— I  rj  oj  <Nj  i 


ior^u>«— ir*-mco<NiNOO^.— <m 


fn^oooo^o^^r--nO<^0(Da^aoo^>J^oo^OOJOcor^l^0^r--l^aDfna)^r<^n^^,»-^^^J^n<)(>fOc^t^^ 


>^^oooo*C'^-^r^Jli^(^r-.vD<~cou^■-J^•l^nvr^o0^^of^^nO'^O^^o{^J^■'^^OC^^nco^oo 


J-     Qt    2 
3  »-  O 


>rco^  sOLTifM"— *rv'O>J"ix^ir'r«^<!T'rON0'»0ir»— t*or-r^-Tco«— 'Or^'vivT  p^OnT  NTir^'Ni'Of^ 


.-^^^J^nsTu>,iJ^^cDDO»-*f^J>^|^^r*coOro«J■^ooO(\J'r^^(>rH'JP^O"f^Jl^lOO^--^>r^*-o 


It         .-H.-^(Mrnsrio<)r-coo^Of--*fsa<^invOr^(7''-H(\JO'-Oooorid>3-sOooOrnir«Qo 


«    m  o  CO  1 


ir-OojinoCT'-^mO'-tOf^mo.— ((7-<\j(\ior^r^>r.--isr 


.-<{^Jr^fnN3•Ln^^c^-a•a"0•-•(^J>rl^v^£)^-c^O<^J^lr^r^o■•— ' 

,-4rH     r-if-Hf-H.— irHt— <r\jC\jf\jOJC\j<\jfn 


H    0'(\ja>omm(Mf\i-J"Oo^<\ir-tLri>roor^ 


o-  n-i   ,— ,  ^    r-« 


'Or^coO'JL>^(\jCcoO(^<vr^iO'0^n'i 


H    oomoccsj-a(Ni^fvjacD<— 'vP 


i»   m  in  iT" 


(T  < 
O   —I 


N     h-    OC    O 


r-(iMr-4rH,-H^rHr-i>-H^(\j<Nj(Njror^<\j(\jrgrorornmrnrnfr^rorn{r»rornsrNr<TNr^sr^r^^^ 


on  ( 

1/1 1 
<  ( 


a>(r'r-c:>cc^c—'C^ 


•c  c   Nf   irv  cf    r^ 


f\!  r-  o  o  f/"  o  o  <^  c 


r-<  II 


!>-•  II 


O  t'  1  r\j  oD  Q-j  o    -J    r-  ^ 


c^  ir»  .— «  r-   vr  f\j  o  O^  00  O*  O^  >— ' 
<-Hi — ic— i(\i(\jOj(\    fv.ifNjmrofi 


:)  o 

■J- 

cr   ^ 

o  r^  u> 

>    ^^^ 

ir\ 

^    O 

(^1  in  CO 

r   -r 

sT 

^   ir. 

X^    U>    u> 

oO'-tO'^r-LnO'OvOcrr^ 


I  in  -J-  o  rf.  .— <  ^  st 


sT'  -!>  >r-  r^  r-  r^  f^ 


4    ^    —  ^^  -< 


rOsrO<NJO-ri^OOOOaONC    OfJiU^jDromJ-cOC' 


s\  a  ^  r-}  a   r-  u  •  -r  n^ 


vT    ^    -J"    l/^  o^   in  . 


f  J  lt-.  ..r--  .— .   .r  r- 
^1  ^>  j:i  r^  (^  r- 


iTN  <"^  GO  (D  f^  Ln  ^^] 


m  m  ^  tr\  r>-  rr-  (\j  u^  c  vj   (J    tnv  (\j  o    «o  ^r  m  f^-^  c>i  r^J  m    i  >  r^  (^  r--.  r^   — i   n 
GO  {>   o  <— <  (Xj  m  in  ^i.l  f^  o    o  fv  -r  u  ^  r--   a   .-i  ro  ^^  p-.  u    — <  r^    ■*£)  co  o  m  n^ 

r-<   .— (   .-H   ,— .   r— I    r-i   .— t  .— I   (vj   r\    r^.  {Nj   (\j  rvj   r-i   rn   nn   ro   r^i    vj    ^r    ^r    vT   -n»   in   'n 


O    vT    n-i   r-    vO    r-1   .— <   sO  f^    1*^1    nJ-    O    rj   Cj   rsj  C)   r'l   ,— I   in>    -J    oO 


r->   o-   o-    ^T   r- 


rvl  r-i   u:>   r-    CO   C    rv.    -j-    .J"'   00   O   fv.i    vT    -u   t^   —   rri    ^i   ^     ,-h   ni   ,i-. 
(\'  fM  rj  f\i  <M  c  m  r^  ro  r'^  <r   ^    sj-  ^r    ^  m  in  in  in  sT  <,'   -Ti 


rocT   oinir   oOunmOO"   m 


r-  -p  a    re 


Omr-i,j-rMu^r\iLnr\iNr    >— "r-tOi— tcnCTinr^ 


r-jr-inrooa-Qur^r^crxofNjj-r-o^CTJ-a   u>rHcomn-.— too   croo-— irNjj-r-oo-to 
>T  ^ru'^s^-r-r-oco'Oi— 'fM-^j-m^Dr^o-o-— icovrNCiooo   —r^inr^a,  cfsjinr^O''-«n'ivOcoc" 


o— I'C-OOcO'-'cr   ,-^r^oomr.  ^r)J■r-^   ^o^ 


<\jr^r-ocr^H<DOLnsDOo   m.-«roo^r^r-fv   cj 


r-(\jr-rooo^'"'Coo(-r^r-r-CDO''— '01.00    fl^C'-^m.-^,i    en  <j^  <>  st  w~  tr.  a    co  <x>  (x>  a:>  o-  --^  c'\ 

I— (f— '.— i. — 1»— 'i — I.— <.—..— (rir\jrM(\jr^f\     frrinir^    r'^r^.   ^    j-    vf    -j-    ^    i/     inui 


n-iCroroOfvioor^ 


CDC    Xtncr^OGorornNOi 


in  <J  C    c.  C 


r-  v£   o  r-   o    r^ 


O     ^i     -^   Q 


-x>c    ^rcor^O'inr-Hr^^rtNJO'CDNOin^^vTtn.or^CT-.— •-rr^f^jNrco<X)r-i'vjaD'j^'--'UD>nr    .—  ^joocor 


-J    CL 


^C'^f^c^^f^.— •OOLnsjsf''^or\ja-cD^ooGor\jcro-j"(^j-rCTr-a 


^    r^   CT'  r^  sT 


.-lvrr-.-*L'^0sr0^n1— ^f^^J■-HOOLf>f^■(^JOCT■c^coo■c^   o.— trvisj    ^o-<\)mc3-fir-(\jr^cv 
,-H,— (,-^r^Jfv^on^>rO'lnLn^^^^^*-a^O"OrHl-H^\Jr^%ru^r^coco.-^f^^T^nOcOCJ'^^(^J'-J' 
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f~^f-t,~-^t-^•—^w~^^-^r-t,-^r\ir\if\i(\i<\i(^rr>C<^m^<^<r^rr)•^    >f    ^    ^    sT    ir^Lr>ir»lf\     II 
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II 
II 

^^-^(^olr^o^^C7'^^O^l/^l^^oo^O^^'^JO^-^oOvJ'    f\j-sra^o^f\io^oir\>j-'«Of\jf^r^Lnr^r^f\jif\r\jn~»    ii 

r-iOi— '^(MOO'J^   .— too>0-o"(\jf-<oc_ooOf\jfnu>r-o*rvioC7''J'flOmao-4-0^mooo*0'0'fn*sj    m 
,--(,-H.— )^-,-^f-j.— <t— t,--t--<\jr\jC0fsjc^irofMrnfornrnrnfnNr«J'*T-4->r    ii 


*0(<*r\jNroooo<rf^    *ro^r--  ooroi— ir"ioor~  crif\ro,^fvj»— ij-  ocr(\jC'0^fMO^<r-mo 


I  1^   fTi  ^    oo   ^  ( 


U.    2    Z 

O  •-  O 


•-'  ^  a 

O  O  z 

<x   »-• 

a.  ->  z 

C  :^  O 
I—  o  o 

<  o 
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I—   CO      I 


i^Ofnr*-Osro^roflorno*sj-oi^fooooiornr-tOOo^-r^sr«or^i^ooo^«^fntnr-Ofn^ 

,^,_,pH.— lr~«^'f~t<^,-l.-4r-Hf\J(>J(\JC\J(\jOJf\jrj 

fo^o^•--*■^<o^-^u^O'rnoo^vJ^-rnoDsro■^^^o^-•»J■f^oa>^u^>r^oc^Jf\J(^J(\J 


H   rosTp^r-Hr-Nj-   sT^OsO>f>i't^'^<or^O'(\i 


'P-  r-*0'>rf\j.-»ror*-m 


r-H,— ).— ir-*f\j(\jfV'romrOsj-    sj-    -^  ij\  iTs  'O  O  r^  ^ 


H    .-t<oo-Oro.-'0'-HmsC 


CD   lA   nJ-   tTi  r-    o  ITV 
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.-ii-itMfom-^iA^ 
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II    L"^  vp  r    >c  f^    ^'   r"  o  O' 


.  r\i  sO  m  t\    f~ 


o  r-  C-  o  r 


^^ooor->r-r^C    C  c>  <'~ 


f\j    nO    LA    00 


CT>  <NJ  CO   n- 


%o  •£>  o  lo  in  f-   (\j 


com^ir»NOaocrrjrMrnir»sOcPc.<— tr    in^aaO'cniTir-   o^»-*fnir\f     cy- 

—i  .— I  ,— *  ,_(  ,_.  ,-H  ,_(  (V J  <\j  n  I  Cv,  f\ ,  r    rri  n->  f*-!  rn  ro  rr,  ,r    .r    -r     f    <!t    -r  in  in  ir»  in  m 


Or^iO    rol^     ■OO^sO'OCir-     CDi 


<\j  CO  nO  r     ^  I  GO  r    o^ 


romm   J•m^o<DOv*>^Oc>^or-f^J•o<^J^-^lO'lA.— »aDin 


(-^  OD    ,£)   in    J-    f  1    [       ,-( 

nT   -I    sT    -T  in  LT^  Ln  in 


mr-u-scOvT   -Tflomr-fxjorNjr-   sOODi^i-— tt^j-orof^m-Hco 


a-  CO  o  r\j  00  r-   ao 


•— <  It 


>o  >o  o  CO  o  in  <r 


mmr^mcor^    mn^sOf\jo 


'O    o-     J-    sO 


sj-u^^oi^aoooC'0»-*njroj-in,oao^Cf--4rn^iAr--eoo^.-Hr\j^(rvf^o^O<^'f^i^r"-a 
r-H   r^  t— '   I — I   I— '   ,-H   ,-*  , — t  ■— 1   (\j  <\]   r  J   rv    i"\f  (N     (Nj  r  I   (Ti  CO   r^i   f«->   r^    rn   ^    nT    nT    -r     f    -r 


»-•  H 


sO-T-TO^r-o^^T   fN.  vrooO'-'^vr*O^QOc> 


O-  C  —J  'O 


CM  in  c '  r-   r-  o-  ri  1 


o^  c    vj   cr 


n'lO'inr-foDLnmi-iO'QDNDvOtninin-o-O'^  O-Ofsjinr^  o  f-sooror^— (■.o,-*m.-*-0.~<r-   m    n 
ro^o^lnLn^Of^cD<I^c^O(-^^M^'^-r^n<)^^a)0'---^.^ou-^^f^(>o-H^^vrJ)P-c^orl<^ 

.— it-Hr-4.-Hr-ii— (»H»-H.— <(Kjf\jr\jfj(\jcsi(\j(\jr<>mmr'ifri(r>fr»j-    ^^r    sj     u 


r-^cDforv'^CT-r-  a--j^ 


vj  m  r-   o^   m  00   J- 


>r    O^^inf^    ricOr-^^rofMr^t    ,o<MC"e(X,^r.C' 


rHinoinrHr-mo^om-— *o~r~-   ir\^rfN4(\j(\j€\jc\jrosjinr*-coomma>t-*^    c^  <—'  \r\  o-  f^^  f^  c^i  t^ 
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tn.-<cr«-fmr>j(\j<roo'r-i-om^r- 


fr-ivfo^-o^ooorr.  ocmr-    j-^rsOO'invrvj    ^-^oo^£<^    O"^    c 


^,_Hr—    .— I.— ',— t,— ..— <,— ..— i^Hfv    f\cvrif. (r\j(\    fsjc'^r^n'o'rorrif*- 


rNj<\j>feoio<r   ^OON   ^-c^-J■<^J<^JU^f-^o^Ofna'^•   oOi 


,0.— ir^   sOr-  o^op^ror^h- 


t^Of0.oO'j'cDfof^fvjf^n^O"inr-ioo-j<\i<>NO-4'rj.— i<>oor^NOOinininNO>or^ooo'0 
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,-4._4rH^H,-HrH.-Hr-HrHrHr^jrNJOO(\j(V<NJt\JfvJ'MOjrOi^rr;rornrornroror<isr'^ 


57 


^fV^^OojOOOOOOOOCCCOOCOCOOOOO     11 


xTv   ^   (»>   00   OO 


o^tnoj  rrioor^o^Of^ 
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'  r-  <0  o^  u^  -J  r- 


-^  H 


fvj  m  c^  c^  -r 


^mi/%.— ti-Hs3-OJ-J'O'O^'Xl0DO^C<l.— tCNisOl^'O'— 'O    f\Jl^^<Ji>>' 


t— I  II 


(^J00O*■-TcO^*^^O(^Jm^^u^<Osr  '0"0-r-oOvrm>0(\jf\j^m-sr<0'i>f^  <\JO(Njr-m 
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.— '  II 


cNj<rooiAf*^^'NJ»^oor^o^'Or^ 


otNjoooo-— '00>rr^>rco(NJoor^or-r-or^oo 
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r--rvrsOCT'ir>m-j-,Or-<i^r-fl» 
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II   rM^sOo»oooif\r^O'^i'^Oror^f-..no^mcomaDroao 
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rH(\ifnN*%or^oOOrsJroir»r-o^ 
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t/i  CO 
.-I  uj 
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o  ^  o  o  o  o  c  o  o  c  o  c;  o 


o  r^   t  -  O   o  o 
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r  -   -J   m  oO 
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O^    "— '    CD    CO    ■ —    CO    OO 


r-r—  O'-rroj    crr-ooojcr^oovjooDOinnmr-rofsi 


«--<•—*    --H   i—t  .-H    .-^  .-H   .-^   fVj  fNj   rvj  f\j   r\j   rj   (Nj  f\j  rf^   r^i   n"!  en   r^i   n~i   ^     J-    ^    sj    --r    tr»  lA   tfN   i/N 


(NJCT'Oin  -J-   ori— (fOGO-Or--.— «oO 
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00  r^  O"  no  o  o 


r^  -J-   -T   r^    II 


t-OOr^t-tOGiTi 


r^  -r   J-  sO 


r-insOOir'-^'-j-flO  --» 


OCDLnmt\jooc>0'CT'(7-0'— «<^j-r^aoornoofvis0o-.r0vr0'-j-0>o  <"  i  oo  ir*  (\j  o^ 

irsiAsor^  oDO'Otj'— ''^.foiA'Or-ooo'fj'fjrn  vT  mr^  CDO'— '  I  J  vT  ^  h-  (T*  o  <^i  CO  L."-  r-  oo 

,— (—»,— (r-i.-..— i_4,-*,-j,_4rjrvjrjr)rv    MfVfrorororororOfOvj    ^y    .rr    vT     j 


■— <  II 


^cHr— i-J-.— ^(^J^0<^'^0 


r^   .r   ^t  o 


o-omoo   -o-oo^j^r-t 


sro^O'^Of^u^cnr-^oo•Qoa^aD<Ooc>C7'Or-*^«JvJ-soao•-^^^^^o^or-■.— iir\OirtOir»o>orvj 
r-H.-^.— I.-*.— t.-H,^,--(,--i.~«f\jfj<\jr\jfof\jf'jf\i<''i(^'f''rnroc<*»f^   ^j    >r    j    j 


r-^.  a>u-\ir*r--f\j  oocoooiriiAaa 


I  m  r--   ^    -J-  ir\  o^  -J 


f— n   .— '  r-i   r-i   rH   .-H  ,— <  .—   r-f  <— '  r  I  fM  Csi  fM  f^j  (Nj  rv    T    r<  >   I'l  c    T     c*^ '   cn   c    m   J- 


-J   CT'r-oor-jo^O<*^or~0^coocDc> 


O^OOCDr-^r^lOlTir^ 


o-cDor^O"r^   r    o^ro<D^'Orf-t 


r-H.— t.-H<\i(\j<\.   mr^,   nT   <r   irv'O-^r^   r-oOO^OOr-<r-j<'^r'"--J'm^r^ooOO'-Hrsjf^^    .no 

,— <   .-H  -H   .— ^  r-^  .— *  .-^  f~H   r-H  »—   r-j  .— t  ru  rg  (\J   fv.  o  J   (Nj  r  J 


C0roOCDC0rHOm(Njsl-fl0l/\ 


>r    00   m    i-H   ■— »  fNJ   >0 


o-o-^^vj  or^NOcD.-<sO( 


m^r^^^Oc^JU^oo<~^J-oo<^i^oo-J■0'    ^r   O'-rO-*'O'0rj0D'J'"-'C0vr 


H    ^^^^vrmlr^oD<^JCOOu^^oc^•J■oco^--aooo'0^-^/^lr^ 
ii'vj^.Ofloor\jinh-or*^oa'f*>r-o^QD'^r^<^    ^o•— (^ 
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OOCTOOOOCCCOCCCOOCOOOO    H 


■joo-ooDNj^Nj-cor-   oi/>^oo>ooo-r   j"Co^oo-j   vrooir»r^nt^f^ir\^-oj    ii 
r-   ooo^Or-tcjm   -r   LT-^r^O^Ot— 'ro-J'tr>r--eoo  r  j  ^OL^^r-a)O^^J-J■^OflO    h 

iA>o-J"0*'~"Cru'>ooeoir\crooD^^>omr^CT'r^f^>ONOvJC^.-HO">4)0'— <(7>ir\ii 
•     ••••••*••••••••••••••*•••«•••••    II 

>or^r^JOf^oooOr-«a)c^f^fVl^oCT'eo<--<cI>oor\JOf\J^-■*o<y•u^JDO^-0^^rf\l^r^ll 
^(^,_tQ\r^Lr>Nf^fn<^>rirvNPf^C'f^^Nj-f^r-*u~NO^rna»roo^inf\JoOiArri'— <^ii 

II 
II 

f^a5^n^o^o>r'£'<^J(^J^-^ooeoo^--a>sJ-^c^a>(^JOfnorJOO<^^■J■oo^^OflO.— tw 
•     •••••••••••••••••••••••••••••••••II 

n-if\jm.-<oma*o*c\)00cor\j0oa'rvj0'0'j-   <— iror^uxNO^-tc^cm-j-^O^^OmoDoo    h 

ONO'^0'>o<*^ooor^ir»Nf  ^rn-.  rc<r'^>£)r-a-<— 'n-i>oO'(^ND'-HU\oir\.— tr-roo^^o   h 

nT-j-   l^^lJ^»o^^«oroc^o.— tr\irn-J'in»£)r*-cocr--^fNJf*i-T»or-~o^Of\jrnin'^ooo^.— I    m 

--^,— t»-H»-HrHr-it— it-H.— (.— *<^lf^J(^;t\JOJfVJ0ofnrnr^^o^n^n^n^    n 

u 
mr-.— tin-— 'O'Ooooo-J'   CT'vOu>Lnr^.-H^rnrsjroif\CT^u>fO(Vsrr^(via'r^ooO<rooo^-    » 

f^JOf^J^O■J■NroolA^OO'U^lAODNr^o^l-^0(M^*-ln^f-^0^0•^r-H(\JU^^vJ(^J>or^Jf\.'-^0^^ 

^^(^J^^f^lOO'J-Of^sr^a'^-L^^mf^J(^J(^JrM^g^n^i■^o^^orvJif^oo.— t^^^c^<^eDo-lOOx^M 

romon^  vrir\sO^r-0DQ0oo  ■— <<Njm-^m-or*-co^o»-*ro^irs^»a'Of^^^'^ir»^o<i>   ii 

.— *.-H--Hr--t,--<i-H.-H.-Hi~Hi-Hrjojr\j(\.'(\jrjrv'rjf^ir~iror^n-irri    h 

M 

M 

CD'^J-J'lr^^f^JC^L^»Of^|/^^0>0u~>mo   sO-— <tr»cDO.— <»— •Coo-O'NJoOfv-oO^'— ''^Jt^J-— 'Of^   m    m 
•     •••••••••••••••••••••••••••••••••••••II 

o^flOO't^oOfNJCD^-oooocT-o^fv.ioor^oDrooo  sroO"  I— iiTHP^-sTr^  Nrro\r>.— 'CT-ONro  o^m   m 
^00>^o^Nrc^^O^^/^•— '<»^'-'0^*0>rcNj<— 'oa-oooo^-flDooo^c.— «r-iiAr-orv>o<>rn  r-',-H   h 

,-^,— l,-H.--lr-^^--^.--^.-^■— t.— l'-H^^Jf\Jr^Jro^^Jfv'(\JCVlr^^<lfOfO    ii 

II 

iTiO"    ■^GOOir^iOooOOf~itNjooo^ro^f\jinLr>.~<Nrr^a>CT-f^'— •rMCy-rNii-^f^OO'    ^Oroooo^,o^    ii 

<v.-HsT   a)^o^ooo^•~'Cvu^oo^C^'^0^<ca-^noa*•--'U^f\JO^lno^~a>•--''Ou^u^C^Ln■J"Ln(>ou^    h 

CT-fNJiACOf^i'OOiriOiAONO'— 'f^    *i-or^<r<MOh->0<rmrvj^-.— 4C>0.-Hf--<{V'n".   vTsOooocoir-eo    " 
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r^u'>NOf\jr~ir»-*OO^r^co-^'^oor^<7'«0<ororoh-if\oOvrtnoo-J'fvi-j"O^HsO 


t-i  II 


-ra3NOa0^rnf^inr^(\j<NjincM^rO*a>'--'a>c-^rr^>Ornr^cooo^in^OOCDO'^r^H 


00  m  ^  ir\  ' 


-^  -rC'r-tO'-'Tmfvmmo 


.-HO'^Nrr^r^mm^cy-or-.— *f-<<DOc^tn-o    n 


sOoooTOvju^.-'rH.j-(Ni<xjr^inr^(vtrH^OOrnO'— ttnr^ino^r-40Dp*->-H«oooroo«sih- 
ino'^f^'coincNiO'r^irvrorvjf-ii— I*— t.— tf\jroNr  >OQOOrn^orOco(\jr-moo   ^i— jooinrj 

,_,_(«— I.— I.— ir— (»— ir-*.-«i— i(\jfMf\jr\)(\jfMr\jfnron-i   roromsT'^ 


rHroo.-4r^r^o«OvOO^inmaD  Nrmvr»oo^ 


sOxj'mooooo*^o^-rr-i^m^r-H>roor-t  n 


r^r-'ln^Jruo^^<r>u^OOl^oo(^i0^oc*^'--^^^u^<^J^n,o^oNJ-coLnu^c^^o>oo^-^^^^(Dao 
lnc^^oco<^oD'J-0'^^«-^Oa>lnfo<\iOOc^C'0^<>0^-Hf\J'J-^cD.--^^r-r-^tf^O'J■c^lnOsO 

^«-Hr-i.-H.-HrHrHrH.-Hr-Hf\jojcNj(\jfM(\jf\jrvjn^fnrornrnrn 


r-(  M 


in  I 


r-I^OUOt^ODOOOOCOOOO 


rj  sj-  in  vD  CD  o^ 


r\j-j-^cDOf\j»nr^o<^ir*eDf\jmeofNjmo^ 


•T'^r^ff'ir^»>Oi-^OC«^-in'^i-*oo<o<-Hr^^oOro.-Hroh->r^r^Nrro\ooO^Osr.--csjin>--'«-H 
f^Ornr^,-HirvOinOin^r^sror^in(NJOcOr^*0\n*j->r<r^in^r--oornir,oo<— t-j-(0<\J'00 


2    IX    I' 

•-    2 

sO  O-   tD 

on 

C    ^    tt 

I—  t_)  <I 


Ui 


I 


I  ^    UJ 

Z3  <^   IX 

—I  < 

ci  -.  -a 

>  m  >- 


v£)aDO*j-«-'flD'j'OC>oo^«Oo«-HO>vr'f  inr-immfv^or--  vC 


p'ifvjO"   fMf\joO"^C'J"Oc^fMoofv)ro 


,— !,—(.— i,-irHi-t.^i-i,-«r-'^H<\ic\jfV)cvfvj{\j(\Jcva(riro 


oa5oornooi-Hr-4or^<\j«-^'J''Njrno^oorvJCT"0>Oi^flOinsCOCrfV'0'0^>*-*v%ri-*i 


I  m  sj-  sO 


cr.-tcoo^fsjO"<DO^c*^oo-o*roaoo*<^oor^r^oinf<irn%ooaDr«-o*'»j'r-io(\j^(Nj.-t(\j 

(NjroinfloornsOO  -xr^  <\)^i-Hir\00<— tr>-roo-o<^or^mf\JOoor^^m'»*'rommm 

i-ii-<r-i(\jrvc\jrom»j-   >rintn-£)\or^coa>0"OOi-H{\jrofn  ^inNDr*-ooo^O«--i 

,-(,-1,— <.-H,-«.-lr-H.-H^-l.— l^^l-*(\i(\J 


H  r\joooaor^(\j.-H*rcrmfnf\jrj^oO'c\jr^mcr'OmmfOxrir»c£> 


m  o  m  (Nj  c* 


.--*f^o^fOr-iooinoi^r-o*(T»(y'r^r^a-<TOO'CT'fNjr^^r^Nj-r-f>jocrt-«>ror^ 
rHfOln^-c^'^J>J■^'0>^^*-^--^lno-%J■c^f**>oo-*■c^ln.-^r^fno^-f^«--•oo^o^^ 


H  or^r\JO''-'^Or-(r^.-i>j-in'j-'-Hin<PC^r^mr-oor-vra-<\jf\JOsOO 

u  •••••••••••••••••••••••••••• 

II  ^NOOooNr»-i.-H(Nj>0'-^oor*-ooONroooaoc^<Njr*-^f\jroir»o^>r(\j 

H  i-tfsjsj-NOooorMinh-oror^o-Tr-i— *mo>fd*Nro^^o*iA--* 

11  — (.— ir-i.-if\j(\jf\jmmro-4->j-inintn^>Or^r*-ooo 


H   ooiOsro-inOtHO'r*ioo>Ocna-r-OaD 


00  o  r-  00  ^  in 


inmnNOrHr^   Nj->rmr-.-*vOrof\.i^rrLp»oinf\jf-*--« 
-H(\ifntr»*o<oofsj^r-  O'ojiac0'~*>J'0o.— <\n^m 


H  r^  >r  ^  o^  o^  m 


f\jinor*or^O'f^coir»-4' 


»  m(\iQoOfnr*^Hmr-a'0^cDir\ 


.-Hf\jfvjfOsfvor»-coa*i-* 


N    m^.-(Of^-^.-*co 


<\j  in  o^  m  o  in  l-^ 

.-t  1-4  (\j  m 


o  -I 


M     f*-    CD    O    O    ^^    CJ    I 


>rm>or^QoO'0^^(\jfO,rLnof^oDO*o^Hrof^^ir»<or^coa*o^^(\jro^u^Oh-cDa'0 


H  t/^  (/I 

II  >-l  Ui 

H  CO  Ul 

II  4  0^ 

»  (O  I- 
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nT    LT    ij^   C~    r-   r-";    r-    sC    O    r^    •O'    -"i 
r-H  Cvi  rj  .— t  t\i  r.    oo  (N )•—'.—■.--'  —« 


ooocoooc  cococcoooocooooo 


o^oi<_^'C*0''o(Njvi   r^o^c-'-— ^oo-^0' 


oo-O'^^Qor-^vi   0^1— I 


00^0^-^^■Ilf^^-r^^O-3"0-sy    -Otfxfj'Oco-sL/'-'-J 


<x>  •-<  <x-  yr\  ^  <T   ooO'iT^oor- 


0^u>r\joou>cvjC'^<rf--'0'r^ir*>j"(Nj'— iOCT'cooor^r-i^r^r^cococT-O'— ^r,|sJ• 
srlr^^£)'O^^CDooc^o•--<'-*(^J^Osrlr^^^-^-oo£^c>--<(V^o  ^  a^NO•'^C^O<-^'^J 


.— (  n 


^-^r\JU'^CDOOO^^(^J■»r^oom(^JOOOQD(^J^J^-a>L^^^-Ln<I>r-oo    romr-  ^ri<-HO 


^Jv^sOooflO■^f^Jm^Or-^c^ 


m  >r  oo  f^ 


o  m  .— «  o-i  o 


I  r^  r-  f-H  cj  fvj  a-  o  "i^ 


CO    LP» 


oor^t-^NDOini— ^'0■-^^-^oOln•~^a'^--^cOl^^rgo^^u^ouOlil^~ti^^^fM'-Hoa■OC)^-^- 
^^Jf^lr^^o*J'vJ■t^^^r^.D^D^^^^o^O■C>'0<— (f-Hr\iro   ^^rnsOr^r^   coo   Or-Hr.jmmsrir>o 


^  O  ir\  m  o  ' 


vj-  .— I  m 


vroomrjroc*o>r<'i.-Hmo>co-^aDOD(~-JCi<-Hmf\j^   oovor^— "O^o-J- 


mr^   O^rcorsj   >o>— imOioOirv-— '-orMoo^   O'O<vjO*>0cNjO''.Om)«-H0D%0ro»-HC7r^   sD  'S  c*^  <—* 
r-*rHr\j(\jr\jmro^   >r    tnu"^sO-or^r^   oooao^oO'— *'-<f\Jo'.  ro^J'^f^,o■0(^ODC*0^0■— *fvmNr 


>0   m    ^   U\   vT   1-H   to  < 


flO>oor^O"0"m\Ai 


o  rj  <x5  sO  00  m 


110.—*.— <maou^sOO'tf>^i/NO'0*Ar^ 


»r»oo^-J-Ovrf\jsD^   %f.^or-iCO>Or- 


oooo-jr^'-^o-oosDior-rocoooo^o".  O^coooi— ir-u>*r«r-    " 


ir»miir«m'n'»— «sO^OO^-o■moo<*>OD^O^OC^   ^j- 


0(^I^C'^JOoma)^rf^lr^^^r^c;ro 


OOO^Am)m^f^<x>mo^^'0^^0^(\J'0^-^(»^u~\^000.-^u^O^-l^>-J■>J'U^oo^v(^-^n.--^00^--^ 

r«jminr^0^^H^r^0^rjirta>f\jir\O'CNj%x>o>i'00mr^<\i«O<--<^<— iNp.-ir--(NjCD^O'*<NJ 

,-H,--i,-H,-Hrjr\jrsjrnmr«i'J--J'ir\ir\ir\sO'Or^r^<DOOO*0'00'— <f-^f^iromt^ 


II    .-t^-^-0'Om<^Jml^f^oo^ocDsO'J■m,rOo■J■o-Os^   •j-o-oO'moo^ro.-ir-irj 
u  r-<^^«-(.— i(\)<\jfvjmmn^-j-j-^Lriin>Dv0^r^I^a»<»<rcrO 


II  o<NJO~r'jir»ir\0~ooC'mic>coooomiO'^if^ir*r^O^OfO'— t^HCOsO'— ' 

II  •••••••••••••••••••••••••••• 

It  .-Hf\jcr)mr^ooOfM>j"r^0^f\j^r-om«OD^roooror-r-<inC' 

II  •-i.-Hr-<r-<,-(f\j(\if\imr'"iroroNj-<r'r\irHif\>0'0^ 


CD<— isTOOO^'OOOrs.r-rOOO^OOOOO^ 


sT  r~-  fsj  r-  r^.  O 


#-ifvjmvj-  mr^o^OfsjvT  ■ooo*-«n*)^oO'-i'Tr^  om 
.— 1.— i^H,— i,-i(\j(Nj(x»fv.'mmm-j'    ^j- 


II    ^o»— lO'tfNir*^-'— ^^OOsrooc^JU^^-c^•-'(^Jf^J 
ti  ^^(\jm^%or^ooo<Njmmr^O'.-Hm 

II  .— |.-4.-«^-l.-^l-*(fSJ<^J 


II   (nONj-'-«<y'^f\jr-C'^r^r\jiA 


H   moooirNO»-ir*0' 


N  •— t 


X  i^ 

CO    < 


,»H»-i.— ii—ii— ir-«.-H.— 1«— i»--ir\jfvjfvjr\jf\jrvjrofvjrot\jrorni-omrOforn^ 


^  tn  o  r»-  CD  o  o 

sT    -J-    -^    vT    -J"    'T    iTN 


II  t/^  l/> 

II  I— <  L1-' 

M  (-^  UJ 

n  CO  h- 
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en  <t 

o  -J 


ooor-'Cr-r-r--cau^,rirstrNNC'rrjLor<'c.-iLnL'^f<'.  oocf^ooo.-*,-.rn^ooooccoooooocc 


r— <  II 


iir»  ^r^o^c(\.'roirir^<oo<MNrocoorvi>J-NOCD.-t<ojp<oOroirt 


(NjGO^a^u"^'— <f— >r^r^f\jc^jr^r*-<Njf\jr-r-.— '.-itnLnooorvi 


I    LTt    ^    CD    «0    O    00  OJ 


^    -J-    O  CO  - 


oDOir»u"'Ocrm.-H>j-.— «>j-oojr^oomf\jsOir*(D>ooo\r*r^m 


>0^^<I)C^Of-^rv^«^NrlO^O^-c^O'--l^n^^OCDO^f-*^o<^^0000<^J>r^OODOf^.■^^^- 


cr-^N}-r-i/Ni^>rmO'00(NjO'i-Hr-r>-<— iorno.-<^o^oa3or*-r-(\j(Njtri 


<r  o  rH  in  xT 


oo^<vmcor^o-   vj-^>o<NJ'V!ir\'-<fvimfvmr-j-,o,-40 


■O  iT^  r^  <^  fV)  ir«  t— <  ' 


r-^u^o>^ou^.--^f^f^l0^^in^lrHOC^o^aDCDa:)<>o^-^frlU^coo>r^-r-1l^vOLno^Of\iool^^<^.(^ 

»--ir-i.— '»—  •-^.--'.— 'f--'r~«'— *^J^^J(Mfv<v■rv1^JrJ^op^^n^nf<^^nNr■J'^J■ 


c^i  00  O  00  CM  ^   O  cr 


r-  m  r-  fvi  o^  .-H 


<Mfrf^N3'vj-r-<rroNooor-'cooDr^o^o^f'^r-if\ir»CT'sO(^c^ 


ro*0^ror^«-*-oo^O'— '^-mo^o-J  .-Hcr  r-in-^ro<vjc\jrjooon  ^lAvDoDO'-noo^tM'OONr  (y-^oift 

,_(,— ._r-<.— tr—i-H,— (,-Hf-<oorv   rMC^<MOOf\.rvjforrr-ifnr«~irn(fl 


hJ-  oD  ir»  nT  r-  oj  o 


-rooc^J'0■J•>J■flo^rm^O*^O^C^l^lmlr^O''Ol^lfl0^^^v'm^Omr^.lU^ 


Lnm^r-m,— if\jiAi-HO'OroeD*or**-Cir*f^fO^.-Hoo<D<-H  -Oi 


CO  ^  — I  aO  oO  o  'J- 


>o«ooojLP«oo»-<^coi-<^o-j'a'>rc7'mf-tr^mo^ro,-(COsO>r<M.— <a-QOflor^ 

rH.-H»-ii-ioooor\jrnrnNf^>riniA-£)r^r^(00-(>0.— tf^ojrnxriOiAsOr^flO 


r^i'OrooOfNjsOojr-tojsrO^Oin-oCT'  •j'OOf— iror-rot— i.— imr->r(\jro 


^OoooCro't— iu^0^^mf\joosj-r^f\jooir»»rNr  ■oo* 


.-Hoofr>rnsr,o^-ooooovr>ofic>omir\oor-ixrr-o 

rHf-Hr-l.— IrHCOOOOjOjrOmrOsr 


.-t»-t<\]pnf<i,j-tr\^ococ>oojmmf^o^ 


>ocoo<^r^rNjr^mor^m^ro 


H   m  u^  'O  r»-  c 


o^Jp^^a^^^^coc:^o 


looo^sru^<o^^cocy'0'-^^vJ^n>rlr^0^^coc>Or-^f^Jf^Nru^^^*-coc^O^--40u^^>*•u^>o^^co<^0 
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o  o  o  o  r-1  ^r  ^-  r-  r^  ^  ^xi  ir^  ^c  ^i-"  'f^  r- 


u^  (N'  u'^  rn 


'j^    r«   ^  O'  C    c    -t  C^  rz   r    r-*  ^  fi  ^  c   r  •  C":  c> 


C   c   o  r. 


C*'    f^    C^    O    C    O     II 


nt  o^r-cocxjoovT  i^o^ 


(D    r~    O    vT    rri    if%  I 


r\j  cr  <>  o  1 


00  00  <\j  e 


o.-'CMm<rioor^O"0>—  (^.-4    u^,o<X>cy•'-^^,    ^   ir\  r^   ^  fs  ^    r<^  us  t^  o-  •— 


o■J■oomc?■^-c^ 


crcj^r")  o^o^r-itor^or^   r^ 


•-^.-^1— *■— '.-H.— «'-Hr-^r-----<r^jfNjf\jf\|fv'(\ir-jfvjrornrnfno'rnf<'i--r    ^    ^    ,j-    j-     h 


o*  r-H  O  ir>  sO 


r-LrisOO"in-Tmoir*vr^o<— <oo<D 


f-r-o-    J-ro^-^oO^O'O 


f-H.— <r-^»-<t-H.— (r— *,-H.-H.— *r\jf\jr\j<\irjf\jfvjo,jfornrorornrOroj-^^^     ii 


.— <  II 


Ov^vr^r-iir»--^o 


^OvT'^lTvOr^-OOO 


CD   r--    CO   r^    oo  I 


vT    O    CT'    (NJ 


.-*Or<^OQ0Ou^>^^00-rn^ 


r\jr-rjr^roox>mor-inrri 


OOJ-    rMroir^or--    -Oco 


ir~iAmr----taor^O'"^0*ooo-J' 


coi^'Omrnvr-j-   ^j-nir^-or^   coo— «miAcoOf^r—  o-j-od 

(N.   m'J-LTs^r-OOO'O.-Hfvjrnsj-    ^Ot^OOCJ'Orvjm^rsCr-ct' 
,-H   .— 1   .-1  .— 1   r-H  .— t  .--1   .— .  r>j  r\j  (Xj  r\j   fvj  f  J   To  (\j  'Xj  CI  m   m   ro  m  r*!   n 


ro— ^moo^Oco^JC^O'-Hr--^^^lr^comoorM^Of^JOOf\J^' 


ocT*'-'ir\oaor-o*roo^r-r^Ovnr\j 


fMfMC\jrrmNr-j"ir\sO^O'^QD00a    o-— ''-'rtf^ivrLr^vOf^f^oooo.— ir\    sj-trv-or^ooO'O'— 'f^O'iT* 

,_,   cH  ,-j   ,-H    ,—(.—.  .—1  r-<   <—••—'—   i^'  Cvj  (v    rvj  <^ I   r,'  (V    rv*  o-    fvi  r^   c^  m  ro  p-. 


c-O"'--r~-msO(T'^OU^r-'--'00CDCvf   ^  c   --< 


o^iOnOO'^  .—  <T-o*'-'<ro~otr»ir'aD 


r-  u"    o-  >o  O'  ir> 


r-.,— (,-HriC\jrnn^r^^   ^lO-O^Or-   r^   ODCJ'OO'—  '^'f^^^•J'l^^   ^r-oDOO  Cr—  r-,  rosr   -Ol^ooc-O 


r-   vO  r\.'   .— I  ' 


■Ororvj-co^   m^   co-J"<vir>i^rrir>ropnvnO'LP>'Vit— ^--^-J-   r^r^o-ODODO'*^'^ 


OOOCOOvT.— lOr-vTO^C^    ^00 


r-Nrm>r^~•-^cOl/^u^^ooOl^coL^^ 


■O^f^O-J''— 'OO'OmoOi^rn 


a>  lO  Lpi  lo  00  •->  t^ 


II         —I 


iTtrv.oooO-r-i-J'QOJ-r-ioo.-iNroomC'r-r-r-O' 


II  r-l 


H    uoir»>OP^O^r-irot/\oo 


,_,,_^,_,,_,,_,,__,._,,_^,_(,_,fNj(>^ojfNjOO(Njrvjrsjr\j(NJ'^rorO(r>rorOrn 
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rr   •X^^-^-r^^cC'J^^C 


>D   nJ-   O--'   J^   fO   o 


iOOOr™«OOC^.—    r^»-^OCCOOOCOOCOOCO 


ooc-iT^r-cmrj^  .— .-T 


>j'C\.   lf\ro,OiA00r^'— "OvJ     -J'<t>flOmf^COo^'J 


aooO'-«<vj'^ir»'Or^cDO'— tm^NOr^a''-'fM-j-'Oooofvj-j''0«Domir»r^OM 


r-H  M 


rncvjmr\jmoOin-j- 


h-o^OOOJ-iTtC^ri 


rn(7-oir»ir>o*r^Oh-o^ir\*o   ii 


vrf\JOO*OOaoaD<D<>orvj-Tr--Oxra>rnr^rno^ir>rxj^.Oir»rnfV.— (.-•f\(\jroif\r^ 

^Or^<o»0'0•-Hr^o^^a^^Dr^a>Of-^^^J,J-^r^|^OOO^^Jrnu^^^<^,^rnlf^^-c^1--^^o^^l 


•-•  n 

CD   U-  h- 

•-     I  ? 

C  i/n  O 

<  t— 

a    ^  I 

c:  o  :? 

t-  3  -» 

o  o 

O  O  t_J 


.— (  (/\  m  in 


rvj-.oir»r--xrmc:>0'(vi0^0^i/\a^OflO>r  ^  oooc  u"^L^^Oc^^^oooo^u^  -J-h-    ii 


.—i.-Jr-tt--it-4r-^«— <•—*■— <rv'f^j(\4rv;fvjr.ifv'ron-)rnrnror<^Nj--4'sj-   ^   •4-  \C\ 


moo^r^COiTir-iir*.— ' 


>j-(\j(\.^-ir>a>>rfor---j-iriC»ooO">Oir\CT  ^r»-f\jorv<D   h 


.-H^f\jao^of^u%f\j.-HO^<»r^r^r^f^<«>0*o<\i>i"r^Ofor^rHU%oO'-'r*-rnof^inrnr-<a' 


^^r^fnms0m(\j'O<^jfV''O(Nj 


ro  f^  ^  if>  O*  ^0  r^ 


(vrv-iTt^,— «Q''-«u>^0 


o^Ja>^^lOOrnO"U^■-HOOlOt\JO(©•Ou^Nr^o^n^'>rosJ•lr^^^aDO^o*oo^c^J^Olf^0^l^»0^c\Ja'4^v 
<\tfNjfNjr^r^,  ^vru^^0^or^a>0^0'0<--'^^^<'(^ru^>0^-ooa*Ofv^^>r»^^^-ooCr^f^J^^O(^0'Ofv 


in  Nr^r^rooocvjsOrocomr^fni— i(\jinOflOoooif\i\j 


mr^fn<Mror-ror-H.-H 


inr^o^f-HNrr-oros£>ONrcDfVjr-(\jr^(\jcoroo*<)roo^*ornocoo-j'r\.ii— loC' 


rooomp-<.-i(Mtn'— lool^eo 


r^Nrr>^r-f\jO'OOO^f\jr-'j'roxrr^fNJCr 


mvj-   ^oooO(^J^^-^^l^'l^^<^f\J^o^room^-(^Jr-m(X>>rOsO^^JO^ln 
,— ..-(.-Hi— (.-HfNjcNjrvcimsj-^  'j'tntr>*o-0r^r^ooo^0'00.— I 


OOOOOroflO^    I—.-H 


^    00   sT    —.  O 


mr~-f\jCT'0OCT'.— '-j-o^- 


.— if\j>r   lAOaoo'\J■sr^ooOr^-J■^-om^omr-.— i-^Oin^ 


H    irvrnmm-j-r^.— ^o^JOOO*r-<NrOOo'lOOO^-^- 
H      •     ••••••••••••••••••• 

M  rH.— i.-4i-H.-^t\jrsjf\j(\jromm 


(\)anmrnrHOO»-trr>iOOirtor^ir\ 


Opnooroooroor^'Tfvj 
r-if-Ht-ttvjrjrnsj-  >rin^o 


r-  00  o  fM  sf 


-A'Or^a3(>0'-HfNj{^,rinNC)r^coo*0'— ((\irOs3-LnsDr*-coO'0.--»fsjrn^   inor^cooOt-Hoomsj-in^r^cnO'O   iih 
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m  ,r  r-  r-  r 


LP-  sO  sO  L.*\  r^    in 


iT.      C^      r-l      ^>      S' 


<r  n  o  c   <r 


C;,    ^  ^    r^   .^  C    O    C.    O   CZ    C 


>0>r    vT   0O(r\LncD-j 


sO  eg  i-J  si 


fi   O   (.      i/N  <'i   J-*   ^ 


vT  f^  ro  <^  m  J  -r  o  "^  CT'  -^  *— '  »0  ^  o  J  «rc)  vT  O  r  o^  ir»  •-  *  r-  sj  r-<  oo  o  ^  f 
Or-'fNii-l  vT  lA  vOr^  coo---',  0(^  ^  f^O'C  •-.  r^  ,r  -OcoOr-tm  -o  N^ooo 
^  — I   r-^  .-H   .-H  r-.   ,^H  r-H  t—t  .-4  ri  rv'  r  I  f\j   r  I  <\j  Tsj  nn   f'O  rn  r-     rn   i-»i   ri   -r    ^r    v^r    -t    j-    .,■, 


r^u>'OOsi;ir^i^   (■ 


f^.  o^  00  o  o  »r»  r-  r^i  (\j  u-t 


00"^-'O^^^L'^J■v3-lf^u^-o^-<^0'^    ^r^cr<'jOOJ-a&fvtr--moosjr-h-^T— . 
oo  00  O^  o  r-H  r\j  ro  J-   in  sO  r-  CO  o*  r-i  rvm   .«^   O  l^  a>  o  r-  r-j  vj    u^  r-   00  o  r^j  r- 1  if>  r 
.-H  f-H  .— I   .--I  .— »   r--4  ,— *  .--»  ~<  r—  rj   fv  t  (N    rv   (Nj  <^-'   ^^J   f^  r^'  ''^   f^  ro   rn   '■•>   .y-   ■J'    <r    -J     T 


o  o  <r  r.. 


ro  r~-    ^   r^  'r>  c>   s£>  >o  oO  r^   O  o  r^i  CD  r-  CO  p"   c  '  o   J-   r  -*  — . 


t— '0010  0".  »— '^(Dr~-  ^u^mvr»4r*ir»-or^ooO'  '— * 

sO  ^j  r^  oo  IT  a~  o  •— <  f\j  ""o  -T  L^  -C  r^  00  o^  O'  r-4  r<) 

_H   ,_4   _-,  ,-H   ,_j   ,^   ,_i   ^^   ,_,  _,   (\,  (X_i   ro 


-J  in  <£>  oo  O*  c--  (^  I  r"^  -.r  ^  r-  C"  <■  ^  r  J    t 

(\j  c\j   f\i   rvj   r  t   c^   r<)   r-i   ro   r-i  r^    r .    ,t     j-    vt 


<\j  u^   C>   O" 


-r  o^  r-  r-   o  o",  o  o  o  -r 


.— I   r-(   r-4  .--I   .— (  .-^  r-i   .-J   ,--  ,-H  .-w  r\..    r\j  r-'  f\i  r-j   oj  (^i   r.  ■  f\i  r*-;   fO   r<^  rri   r^i   (-0  rn 


ovn%0— 'OO  ^oo 


*Orrimioo^irv>j-mco 


oo^on-cro-ooo.— ir-   ^r^rto^Nj- 


oiaonO'--<d-J"'— 'ooLnoooooNrvj-rooo.— *ooot>ooor-j(^jroin>00oo(^jir»oO'-- '-ri 
r-l^o-4-^l^llr^-r)^-^-oo<^oO'--^rJ^r^J-t^».£r^<I^QOO'-*oJ^^l^u^o^-ooO'— 'f^    rom^oi 
i-Hi— ii-H.— «t— ii — 1(— ii — I  r~i   , — ii — I   csjixiojOvj   r\)Oofji\jf\.mr^.  rorocifM 


or^oroooro<>r^cD<voof^aD^vr   -j-vr-oo-r 


vT  in  o*  -J-  '-^ 


o-   0*0-Tu^r^<MCDr-   ooo 


cr  GO  o-  <r 


vT  c  h-  f^   O  u-N  r- 


O  c    r    4>  r-   o  in  (\j 


fM  vT  00  -J-  <— 


C\JvJ     OD^     .— «.— ..-H^OOO-     f\.    ,— . 


OD^o-J'CMOoo'^'Otn^TrDfsii'     csitsjcgr     r     r-     .? 

.-1   ,—<  ,-^   .— '  .— I  .— 1   t— '  .—  .— '    ,— .  (^_  (\i   r.    r,    r^    r     r     r  1  rv   f\ 


O   1-1 


(\J^<^JOOrrlO^^^-o^n^Vl.— iror-ri,— i,--i^(I>^    — < 


in  c^  f^   -J-  vT  vn  00 


r-    ^  r-'  <si  -J 


.-l»-<r-lf-H.-t,-Hr-H.— (r-<,--li— (,-Hrg(\jrjf\J 


vj-    rvjmir»O»0m<0Omr\jrM 


r-fMOO'C'jO'm>r   >rsOoinrsjoO'-— ■ 


O-— *vrsOO*f\i^C"rnr^.-Hmoino-inoini— ii^mcrof^O'^rnor^-^'^ 
,_H,-Hr-4.— 'f\jf^r\jrnrOxr-J"minu^or*-r^ooooCT'CTO'— *.-<f^jmvr^ir*«o 


"^•j"  <oooO<vivr  ^o^cvjirvoO'— 'if\Oror^f-*moinotrNOm.-<'0<~o<D 
.— 4r— (.— i.-H(\jf\jf\jn"trom^   srmin'O'Oi^r^CDcocy-O'OO 


II    aoooo^fMr^rooO'a' 


•j'O^^o^  rr)Lnr-.— <f^-rf\jc\i 


-— ir\]fnirv«0000'-Hfi-,.OODOf^^C'<VlAO'<MvOO-^CDC\J-^ 


lAmojrvjNT   ■Ootnf-iQO-ONOr^O^n'ir-   mooooo 


<\ja>mfMOOCT'0<Mmcor^co-J"Cu 
.— <— tron'i^inmf^cDO'Orjminr^ 


Oror^f\jr^roCT'>0'4"fVi 


1^    C5    O    «SJ    -J- 


J~*«Ol^a:)C^O•-^<^J^^'J'Ln^D^^a:^0'OrHooro>rLno^^aJC^O--^(^J<^>rln^Of^^nc^  ■   ■-' 


HI 


^-^^^^^£5ccl^i•i>^r*l^l^^  -J-fVLrvr^c 


^  o  o  ro  C'  o  o 


M 

—irr,— lOOOCOO   COO    OOOOO     ii 


ir\(NjNrf\i>r  c\j^  (\i  it>  c  i  (^  <rs  o^  r^  .-HO'^r<''Oor- 


f\j  r*-  f^  c\j  p",  00 


j-O'OocNjr-iiAoTr-inr^ii-ir^   vi-.0'^>r'-*fMr-co-j->rooo''mr^>ooao<MO    n 


OOO'O-— trvim^Nor^ooOr-i 


f—i  II 


csiOO^oOf^-or-  r-aDc>— '>roo 


mr-rv.   ^-fvioO-sTi— '(C^vrfVj.— <f-Ht-H.— l(v^olX^^- 
rvlr^ar^Jr^JrMr^Jrn^n^»^^n^-)^n>rxJ■<r-J••sJ■l/^L^^l^^ 


M  >-H 


sO   •— '   O   ro   O 


■O  lO  00   iT*   -O   ' 


mooa>(VlOr^Joooo^v^^roOl^*-r^^J-u^oC^^*^   k 


^1— <aoi/^ro.— <o^oor^r^r^QOO^or\.Nr 


O  n  00  00 


oo®^uo^^O'X^^-v^^n^--J~l^Or-^c^^~-'00^-.— ^aoc^'J■^■■)u■^^--^«--'srr\Jp-l^-ocD^ 


OrH^  j3crrnsooir»OLri.-*r^mor^^<\joo 

OOO'O    r-t<VjNrir*r-CDO.--<r"^    vj-sOOOO^.—   mmo 

■— (<-Hr\jf\jr\jrur\jC\jc\jrOr^mr')r»inrn^^   nT-^ 


r^oaroo.— iir\<\j'\j-0<^f^r-j-tr*a-^'00ooao  roo 


ir»m^flO,OoOooorvjr^iANO'— <OfN.r^sO    it 


aof\jr^rjr-rMOO  O"  Or^  xTr-*0'f^irv>rmri.r.j(\j 

1— i*sjfvrOrOvr-J-lf\-0^f^OOGOC>0'— '(VrOsj-lTv 


*Of^aoO'OrvjroN*'a%r^ooo<—cM^^or^oO<Sj 


CD    LL  >— 

—      I  Z 

O  t/i  o 

<a  1— 

Q    -J  I 

O   O  Z 

1—   D  _J 

o  o 

O   Q  LJ 


m^ooir-iooOro.— iCMr-sj  >j-r-r^«sjiAoooOvj't— '»-'irvi 


n"'OI^   O^-m,— (fvjNDr^fVjirVi 


O   <V.  <D   %£)  ^^    « 


oc^^OO-J'CDrooocrvooN^ONOC'^  0(^ir«r  J  OOflor- 


»— I  ■— '  I— '   •— I  •— ■  •-'  Co  (Nj  f\    (V  c  Cv    rsj  fv    fo   r"    f"-.  p~    m   en 


if>— <oocsjr^iom<©m,— '(\jtr\ 


Oi— iii^.-jorv.   r*-^^j-r-rvo 


>r  o  O*  o  ir^  r-i 


'£)0'<-'if\flOt-Hto0^rnfloroaom^m.— tf^   ^t-(OOU>m.— i 


(\jfn-^ir«NOf^aoO^Oi-HfMmsj-NO 

<—<.—*.— (I— <.—(.— ir-««—ifv,(\jr\jr\Jf\jr\j 


'Or^o-^«-*o^Ofvr^m-j-'CONOv/>-oou^f\jr^if\or^r*-c*mo<DOf^o*flo<D 


,— 4,_i,— (,-tf\jrvrjmro>rNrmirisO-0^-r-flDOOO 


(\joooix><r(\jOa-<D 


f\jo^c)^c^(^jOfMOOr-<ir\OQor^<y'fMr*-'J'  NruNoDmoO'— '-J'O^  -o 


o-)-j->Oco^o-t^o^<\Jir>cOfvjLf\0'roaot\ji^(Mr-f\jaoNro 
r-Hr-(rH»-tc\jt\;c\jrncncnNi-Nrinm*O'£)r^h'0OO' 


O  (\j  flt>  trs 
<r  o  o  — I 


II   r-f-Hr^sj-mro>r^-(NioO'Oir»OQoeMoo\rN>rtf^r^*-4r^sr 
II     ••••••••••••••••••••••• 

H    ^vJ^rl/^^^0'^^f^l^^<I>om■OOoooc^c^^^r-^l/^Ovr<>* 


f^JNrOO^o^-u^NJ■lr^^oc^'J'C^NO>^  >r<r 


oooOroO-O-J-t-HO 


H     P^    CO    o    o    •-«    (\J 


'j'lrv-oP^coOO'— *c\jrn^mor«-coC7'0 

^H.— |r-I^Hr-t.-Hf\jrO<NJf\J(\J(\jrvJfMf\J(\Jfn 


N     <[ 


82 


It    r^    r-  r^  sC 


.    r^    U-    rt    LTv 


-f>  ir>  sj  o  c 


o  o  c  c  c   Ci  o  o  o  t" 


O    O   00    00 


«0  -J   ir>  o  f-  r- 


^    C*    ^O    LT*    CO   lO 


rj    ^-vi    ^   ^    o,.   f\'   p^   iTv    ^0  CO   t.-^   r^> 

lf\    00    "NJ    lO    O' 

ro    CO 

O   '  -•   <M  o  >    vT    u^   o   r^    CO   o   ^  f\ 

ci    r  sO  1^  (D 

f-j    >— t 

r— >f-*.— if— If— '.-^1— >.—*,— tr-*r\]C-i 

r\j  <-^  J  ro  rv     r  i 

rr.    ot 

^   CO  C    •--    (' .     T     nO    00    o 


u^^^^'lf^J^O*^^^~-l— 


U>    (^     .—'    00 


T    oo  lO  ^    r^ 


C  r-  o  IT*  -r 
r^  CO  o-  o  •— ' 


t— <   •— •   i-H   — <    '— •  1— «    .— I   rs)   rj   r-j  fx    f^J   r^i   n  rj   rri   ro   n    -^   n^   n^    J"    J-    ^    ^    ^ 


ir>  r-  ^  O" 


n-i   C   C   I— <  I 


sO  vj   vT  r- 


t\j   r  CO  sO  I 


0*^^0^    r-IO00(^»niAvJ    vT-J-    -J-    -J    irsOI^Oorv    u^^-O^-i^o    -4■<Df^f^CM0Or•     C     ii 
i/\-0r~-C0^OO'~'txim>jir\s0r^000'O'-^r^sjiri'0000'O00(-<'i-T    -O^^tT'Cr-.m     II 


oor*  o»/>o'  ^r^  ro,-ifviix> 


nO'^^'vInJ    I^     j-rjf-o^-m.— .m.o<^' 


— <   t-H  r-t   i — I   .— I    — J   ,— t    ,— I  .— «   ,— <   r  I  fM   ^(    r^j   fNi   rj  (N    fvi   fv'   ro   r^   m   ro  (o   (-"-^   f'-'   vj- 


r-i  o  rn  oD  r-   a>  f^ 


r--j-    j^sOci^>oi^    cmn-i 


r-   (^  O  O  rvi  -r.    r  I  ^ 


OO   00   •— <  "O    II 


0^a'-TO^mOsO^'-to~r^ir\-j-rv)^oocra    000^0—t^Jf^-J">OoDCirvjirNr^o^r^    n 

.— «r-i   ■ — I    —1    1— «! — I    .— 1.-H    .-H   ,—<.—(   rvj   fv    r^rjfx   ('^  t-^   (\j  rr,    lO   nir-Tfo    r<.   m    h 


mt\'ir«oooo^(^iaDr^  o^  ' 


oo^o-ocrocy-r-   r-onooou^NOC^-r   --<r- 


00  ^  m  ^  r- 


oorvsOf~^a^OOfHf"^r'0<)cnOoD«~Nr^.-HO^co^u^'jo'.  pTrjrvjccsjf^icn^in^r^ooctx.j    ^    ii 


<^oooc^<^Joor-flO^^-lr-l^^aJOl 


a-    ,£>    U~»  ITv   00 


0D>ou^o(^<^0^^    or 


-T  o  cx>  QD  a- 


vrof^^ooot^aor-ao 


sO-J'-T'OO-^oo-mr^ 


r^u^b-\r-OLr\— 'C^o-  or^f^<^JOoooDO 


OCT   ■— (nt^.— <^flofNj^-'-<-ci.— 'OfNjr^mcTirvfNjoou^rjcr^   -j-i^jO   r^o-rr.^rHOoor--r^ 


sOOOf^JOOOmr-^r^    vj    ^    ^0O'0m^n^    oOi 


oo^O^.— <ioor-  tTku^OO^f^oo 


lU^l^O^^Jl^«oOr-Hu'^ao^^J-Dou~>0*•-^C'N^c^l^i--H^O^^Ja•lr^f^JaOl^^(^JO'-0-J'•— < 


■    r-ioaofloomo^,oLriir\ao'^jooirv^    -Oaor*^OsDNOr^O"roQoir>mm 
H    n-)<rsOco^p-itr»co— tvrr-.-<vroDrj.cOJ^O-J-cr   vrO^iCONOf^JOO 


^    r—     sO    <^    r-<    '— 


^oDNrOO^ooof~jr^<~v;0^a>oooiNjsO 


II    roroiTiOi^cDiAc")— 'r\jroii^o^^or--ir*-r 


r\j   rrj   ^  in  r^  CD    O 


H  -H 


rHCsji-o^ririor-o^Or-imiriO 


II         •— • 


r-H  M  ^H      .— t 


X  on 

CO    < 


H^ 


II  r-hP^sCGCLr\-Oj^ir>^f^^<vj^ 


O^iT^LT.  r^COCr^OOC 


cooooooccoooc  c^ 


f^>*r^Ofl0^-*0^^>l^^u-^u^■»0^-c■o^Ju^^-f-^^<0c^a^i)|-|^0^^J^-x3■o^- 

<)r-QOO^O*Of-Hf\jms5-ir»NOr-cDO.— irvroinoi^O'0(\jmir»^<Do^ 

.—(.—<    ,--4   .-^  — (    ^H   .— *   — <   1-H   f\j   f\j   r^'   CM  (\-  r\j    t\.   (M   m   Ci   n^    ro  t^   rn   ^    -r 


O*   C^i    •-'  U>    O*  IT*    ''1 


<r   (D 


o^  r^  r^  CO 


<o  ."x-  ^  tf>  o^  r\.  o 


CO  o  >r  o  r- 


O^OrviO-    >0J'    rvlO0Dr^O»Alf\LrN»A»Or-«DO^r-Hro*0O'rjlfN&'<^fl0CMf*^r^0D 


c\j  o  li^  -— (  if\  OD 


rjmm(\jOco^   OvDO^r-<>»--HrjcNj 


OOOtf^c\jCOm<Or\iift«    H 


t0^^c-jr\itf\r^,~tma:>^r^Gr^i^0^ir\rr\^  to  'O  ^  O^  \i^  >t  mOoBflOcstcDoootrt 

U^O'0^vJ<Dvr.-HODlf^r^JOoOf^»'^Nr^^^n^n^n^-l■J■ln^i>flOO^^JU^^-OJ■r>-.-H■00 

rnsr^u^iA^or^r^flOcrooi-Hc\jp-i^iri^r^flDo*'0'--'r\)>rif^<)r-(7^o<-<rOsr*0 

(^   ,_4,_H,_^,-H,-Hf--(*H--H.— <i-Hf\jfNjr\j(\jfvj(\jcMf\jrnfornrnro 


o  fO  f\    CO  M 


r\;r\jCf^    'T   C"    sOfOOtNjNj"    ro^ 


n-'OvtU%roflftoOs£;0*0^>00'— 'O 


,_^,-_(,~^,^,_-^,_4._.,_^,_^,_^,_^,_-4(\J^^JOJ^vl^vl^^Jf^Jf^o^or-)fO 


\f\  t 


■  c\jfloao(\i--'i/Nm^Of*>if\i 


r\i  (o  oo 


rvi  ^  if>  CO  >o  O*  •£)  ■ 


u^r*-rn^  a'0>^xrtf)i 


oj^ror-Hc^jiO'— *0'-H>rO<DO'rjflO>0'00*u^rnrno«--*Q'C'(Njr--iniriiDrnoOf*^flO*r»ir>co 


.— t.-H-j'Oc©o*f\.ir^-j"mtfN«o-J-r^in^.— <oo<oOj-o<y'C-J"0 


tf\i/>oOmoOfv.Of<-)m 
^   «0  >*■  ro  nJ 


0<»C^•-^*0•J'^')l^\0*u^o.  >J^-•cvl<^C^O^J■~•C^O^^JflC>tf\l/^^LO(^if^■00*'J■f\f^J 

.— «r-t.-HfvirjfV'f^.  rnr^>j-vri/\inNor^r^00fl00'O.--^»-'fv'r'i'j-   vr   ir»^r-ooo*C'<— •(vrnsj-iTt-or- 


Z)  -a  t- 


0-.  l^^^^O*<V'l^vco.--srco.-^a~0*^r<D^n^o^^<^^o^orcDlA•--'(o^c^"OcD^^^nf--^ 


ir»oD-j-  no*  o-«or^o*MU^'^Lr>'— tu>r^-OroAoo 


m>or-    iTt^irif^OvTO^.— ^(^J0^£^0 


u   >i-n-ioO'4-r-r^r<'pmc\jsr 


■j"r0'OtfvC7^00f^ima*O'Of^irvr-iAfl0f^ 


mi/Nr-roeO'0'Or*-o>ror-'0'OcO'-H>o<^.-HOfM>j-oO'j-^^oofvi'^<— tr*-intf> 

.--(\j>rix>r^O'f--*-rNOO^<-<<rr-o>rr^'-Hina'<^r--»-tj3^sDr-t>o.-)f^<Njoo-j- 


H    •••••••••••••••••••••••••••• 

II    vrrnr^^^OOinrMOO'Of^Jiria'infxj.-H.-Hrj-j-aor^ja'sOiriini^o-j- 
II         .— trsjrouNNCOOo.— t>r'OfloOm,0^(\jLr\a>,— (irtooc\j>oo^C'ro 


I   O    <NJ    00    nT    f\J  ' 


OO"— ifOi/Noo-— <vO<-Hr^m 


<r.— iOO»-lNr0Dr^a''O^n^<^<rr^OLi>Or-ir»rornN3- 


mOO<N]mroc\jO'i/>C' 


O*  ii^  O*  f\J  <^ 


f-ttsjfo^m-Or-O'OfN/rntnf^floOfN* 


i/\  OD  <-<   •— *  CD   (NJ  < 


t*^  C  r^  rH  ,-1  r^ 


fsj^ojoo-rrviooDr^r-CD^o 

.-ir-t(\jmNr«^ir\-or^coo 


r^  rj  .-H  ro  o 


vT     CO    fSj    nO     rH    sO     — • 

t— I  .— 4  (\j  <\j  m 


•-H  H       r-t 


nO  <\j 
oo   'J- 


II   r^  CO  o^  o 


fM^n>fln^^^ooC^O'M{^Jfn>r^^^sO^-coo^OrHf^)^nsrl^^^o^-aoc^OrHfMrnsrlr^^o^^coc^o 
rH.-Hr-*tHf-^«--^.-H.-Hf\jrorsjCvjfNjrMfvjf\jr^fvrnrOf*>rnrnfnramrnrn>i'>*'^  ^sj-  -^^i-in 


N  1/1  1^ 

N  •-<  HI 

M  t/>UJ 

■  <  a 


84 


H    r-  r^  r--  ^^ 


^ru">f\    u-^P'.— «r-iu-^<nr"O0    O-J"    OOC"    r-H,-H 


(T"  j^   vj    r^ 


r-vT-— tco^(^,   ^r-oOODLT 


\n  ^  -j^   a- 


O  ^  ro  r^  IT*  00  (XI  r*-  ^  (\j  o  o  I-*  fNj  tf"*  O  f*^  CD  ^r  ■— <  t>  00  f^  r^  oO  C"-  ."%■  u">  O*  m 


u>oOlfs-J"    OO^OrooOO'O'J 


r-  f  \j  u^  r-  >o 


o  1^ 


(xjf-j   Oo-oioOirv 


^irtooOr- (O-Hoo^OvrvTLnr^O^mr^csjcoiTvoj.— (O^O-— <roir\oorM*o  —  r-    h 

,_4     ,^     ,— .     .-  ^     ,— (     .— I     .-H     ,-H     .— «    .— I     r-<     ,-H     .— I     — H     r^     r\j     rVl     "■    J     fvj     (N^     r  J     f\J      II 


m  m  in  r^  ■— t  O 


■^^O-r   ci>r-«rvj.-H0O(<^ir»-^ 


i~ofv,r-o^   ^.  oc*in^<-^m 


mr^.— .-OC'iTvOj-   o   ~t  O   Lr>cjX'<— «r^rgco   ^ro-O  f^'CO'JO'Or\jCT'iAf\j<t)iniMCO 


ifxr-   O'^-^'-hOoo^O' 


O^r^r^,   O-'-'OOro.— .vO-O-— *i 


O^  c^  r-  00  ir«  r-- 


<0'j-oooOir»ir\r-o^{\.'a->oiAf\j<>sOin-j'roj-ir»^0''~'i^a'rf-iOOvro-o^'-'a^aor^ 


sj-r-ir^r-*rNjr-'^0'—  or^— 'n-)rvjoooO'--'"m 


ir\r^r-ooo"rorvj^vraooQOsOr^   o-inr.    n 


(Vrnmr-u^O"   r*-»-H.--i,oaDf^CM 


flOO'U^'^'^     -OOOQOi 


Or^OOU^U^00in>0.— 1 


f^u^vrO■.0^o^^-■J'tf^<^C^-J■^J-C 


r-    C  iT*    h-    r<"i   o"!   CD   r^ 


OOO^-J    n"    vC    rvr-O-^    -J"    O^r-    oorcsji 


mmi^-^sOO'CMirNO^rrtODCJOONj.-'CDiAr^OvjrH.— 4r-(.--fv    vrjNr^Or'>OOvroorfODrrCi^<vO«Or^    " 
.--.r-H.—   .-H(vr^_r.   f\.r^r'rrr^;sj-vTNrir\inir\ir\>0'0-C'^r-r-flDflOoooo    ac    00'~.-*rsif\iM 

N 

•     ••••«•••••••••••••••••••••••••••*•••  II 

r^.-^^^sJ^\J.-^,-^00*<^C^O"0^— <<^JO■>00^f^J^0O'J■C^NrO»O^^J0^^rn.--.00(^l^^•J'f^<\J  ii 

"HrnNr<>OOOc\j-ru~\r*-o^i-H^^OOOOixjo-r^0^fM-ro0^fvio-r^O'f\Ju^flDorn^crrjin  ii 


II    ^r-^cjcr-'-'O'r^'Orn.-Hr-HrMOC'iriOO^i 


OOCOi—'COOO'— 'f^    -£)00 


.-Hr.sru-^.  f^ooOr-imLnsOooO'<-<romvOODorM^^aDO<\jNrooooroinr- 


r^O(Njr^0^ir\rooO(\jirN»ocDrvjoo-Ooo'^ 


fvr-   nT   moorofvjro^.— I 


M    CJ'COrvjxT.— iO«omUNi/\rOfsjf-*ro'OfMOf\j-Omrvi>rflO 
ti    m0^co<DOor-r--Oir\-Nrrorsj,-400000.— «rMm^ 


II    r\j^t-Hf\jmcDoDir\OD<Dr^Nom^oO'^  <—»•—» 


roOOirvfV)0'*0'^0>>OojOD^O»0'XiO'iOr^ 

^f\j(Vim^Lp«i/><o>0r-<X)00O0'O'-« 


M    miTsrj.— (.-(Oirir^i/>o-J"Oom 


r-^rriroojO>rvjro 


O  m   ^ 
r-i  oj   r*-i 


X  t/1 
CD  < 
O    —I 


,_4,^,_^,_^_^,_-l,^,_^,-^,-^c^Jf\Jf^Jf^J<^J^^J'^J<\J^^Jf\Jrr^ 


rnrommn-immi-Osrvr^   >r^-r^j'-^-^irN    h   i/>uj 

n    <   o^ 
M    00   t— 


85 


c:  C:  t^  >D  V-    L'^  ^C  ■J^  -r»  »c  ^  ^^■  in  (^  c 


iT.r-'.    OCOr^OCC'-H— 'n-^OOOOOOCCOcOOOC 


OD   ^    ^    C  00 


r-  oo  c: 


I  m  Tsj 


cy*  c  m  .— t  ^  O 


>Oir*<Oir\%Ofv  -—IP 


f^r-o^ooo>or-or^aO(^JOO-J•<-«(^i^-tf^•0•-^C^Ol^^rolnOc^■— '-O 

.— *  r-H   .— t  — 4    .— J   ,— I   -H    — <   .— 4  M   (Ni  fvi   rvt   fv^    {\j   r-j   fNj   ro   rn    m   n~i   m   (-*■,   ^ 


•—I  II 


>r  •4-irv»f)>or^oocroO'-H(\jro^ir\*or^aooorjn-'^ir\r^ooch'— '(\j  -j-mr- 


>— I  H 


msr^or-eDO-o-H-— I 


oocor-i/\(Njo^^t\j<j)roao<xj>oCT*r\i-J"  -Or-^cOdiaor^m 


^n^Osr^lX^ln^o^^l^ao<>oO'--^f^1(o-r^^^■o^-ooc^O'— ♦^^^iT^NDf^crO'— 'i^nt 
.— 1.-H.— I.— 4.— «.— ii— .1— tf-i   .— (.-i(Njf\jf\j(NjrofMfsj(\jmmmm 


f\ja'-j-r^oDr-ro(v_cDsO 


sONO'^CT^r-*.— iOOrMro*\!f^OOaOtN.-«J-f^J<C'-^<NJO*-J'ir»-J-0 


0>roofvjr^cNjr^r^,  fl0in«-4c0vj-rj^r^inrn(\,oo<>0'a>0'0^o<— t^^J>rl^>r-o^^ltf^cD 


mo^^oO'^<0'»r  O^J•J-oc^J. 


O  >0  f^  "^  ^f   O 


r-  r^  m 


ootDf^fvjr^'OOO'fnfNjtri 


,_H^,-(,— (,-H.-4r-l,— lr-l.-l^^rjC\J<NJ(\JC\J<\i<NJf\J(NJ 


r^OCT'rsjo^Oir\<\(mNOf\jf\jrooOirtir*<Dc^o. 


n-ior^r^'--''0-^i^aOvj-r\jmr-<\j.— ifvifV'— <00 


<*^>0O00^-O'^'HO•~'U^r-i0^0^^^tl^^>r«^O^0'J"tf^<D^^-^'-^<^'^^>T^n^^~f^l.--■^-ir'lfl0U^■4■ 


a 

^o  *^  n 


=D  r)  _l 
-J  C  D 
D  O   O 


r^  r-  cr.  r',  o<\jflo*ou~Nmir«sOr^  O" 


^r-c  cT)  r^  r-i  \r*  KZ/  -T  cr  inOsT-— tr^^  or^sx  .— 4<DiPr'^»— •O'r^  •4> 


,—     r-.f~t.-ir-'.—''—<t— *.—•.—.«—    f--.r-t(\j(\j(\j(\J 


0*t    O    r*^    O^   >0     -J" 


i^fvj  sor-  r-%o<vjf^<y'OflDir*o* 


P-:OOOfMfMOmcOOC''>0«— '-^LTi    nJ- 


.-H(\jiAOooooor^O>oir*sOO^'j-oooo*o>3-o^r^^r-o-vrocor-0"(voo^ro^NOOO 


M    ODU%^ir»»--ifMO-omvrsOm(\ivrv(NjfMkn.— I 


>r  o  o  ro  a-  en 


»-H(\jmin'OooO'.-HrosOcoomxOoo^'j-aOr-ii/N<t>(NjsOO^  at> 


M   mfs/cooNOirvoa^-j-o^-minu^r^o-n-ir-roo^sO^rro 

(NJ^-rOrMf-HfVJ^P^fMaO     >J-OJrH.-HfVJvrQOf\J0D^<\J.— tr-l 


C00rHsO(NJCD    srO^roor-oof^iTir-lh-Of^ 


11    ir«  ^  'T  <\j 


■-<  CO  <\j  oj  oo  o  c 


.— ).-H(\jrorO,rif\NOI^   00 


'^or-oovT-rO'OO 


ro  in  oo  rg  o  O  lA 

.-•    .-H     C\J     (\J 


^  r-  c 


^-tr)O^Or-*<\jm^iAor^aDa'0'-Hoorn>j-ir\^or^aDCT-o«-<fsjm  j-  ir^vOr*-ooo^  o^HCNifn-j-irs  Of^cocrO 


H  i-H  UJ 

H  </)  Ul 

n  <  oc    »l 

H  CO   ^- 


86 


r 

Ol 

3 

b~< 

C 

-J 

LL 

►- 

D 

1 

Z 

> 

t^ 

c 

J.  C    C 


(/^    Uj 


X   t/1 
CD    < 


II   ^^^-r^^cJ^''^^^^:•-Cl^^J5^^^^'    xr^'.— *.— (J^.  mmooc-roc  C' 


','  o  o  o  c  cr  r-t  I 


00 


nO 


rf'aa<0(xic    oc\;irvOvj-oo 


^   lO  -J 


iTi  r^  ir\  o 


r-— I    Ot-*QOirtrO.— (OOOOno.— ■r----.rvir\jr^i(\,rd    ,-i(.0^<K>.Oc)i-^CO 


o-   ^    lO  f\j 


O^    --H      J     o*    l/> 


— «         II 


(Ti-j-   j-iTivno^r-i^tPfloa^CT'O'—*'-*  <"■    <^j  "^'  r^  <r   -r  if>  m   vT  O  r-  r^  oo  oO  o^  ct-    n 


sO  O   ^-    (^ 


ro  O   oO    C30    O 


in  r-  00  oO 


oo  ^  r^  sO 


CsJrnro^vTvriou^vO'Or^r^r^aDtfJa'O'OO'--*'— ^^wf\Jt^Jrn^-l^^^/^lr^v^>-o>o^- 


■o  f^  ir\  OD  CO 


u^  ("-.  -J-  CM  sO 


C'f^u^<>fv^'Cc^^*^|^Oo■<D00^oo^'^l^r-»u^(>r^Cvrr--^--t^r^00rllf^0''^Jl^^C^c^Ju^^l 


^0'^J^U^^-u^^^'^'^ll^\'~la0(Ca0O■— 'rir     •-~io^-~t<X>Of^f\i<r 


a>  o  00  fN. 


r-  oo  m  r^  un  00 


l^v^r^cC^a'a'OrH^.JO-u^^^O*^vJ>r^oaDO.-H^nvru^sO^•^-^--c,ONrrn-~.oOlf^r^lOO-J'a 


-rroir*ooOX)>0<OrnoC'0^ 


^r-o-j'Or-r-m."(m-o-TO(xio»/N 


u-\  oD   eo  -^    vO 


■X>  >f^  O^   O-     II 


loor-    cro*>    vT    O-O-T    n-r.— . 


r^i   n-i  r^,   CNJ  O"    u^   C 


Cf^c.—  OC^^-J-^o-^iT* 


sO   r-    n"    *0  C\j  *0 


f^l(^l/^r-•O'--tr^tl^.^-<>t-^^>u^00O^^J^^0(»OCJN^^000OCsi•J'^J^0DO^^^L^^^a0Or-^f^^ 


(^J^-<rc^ooc^ODr-lr^l-^^oo-J-r-o^.,   r^^ 


CT'  vT  ^~  r^  mo 


CVJOO^-O-OOOr^r'^     -sJ-fN] 


II    r,  CO  CT-  CD  — '  r.j  as  >j   O"  O  a    lo   O^  . 


rvioo^O^-—  -sT   O  -^ 


COOOr—     ^-(MOiTNsO 


r-  >r  o  fvj  (\j  03  '.o 


f\iQ-rsjO    ^COro^    -J-rsjOOO^SirO— ir^O^ViO 


.-H.-Hr-.r-*r-4.— lr-«r-)r-..--l.-H,— l,-Hf\jrMrj(-M 


M  — i(Njrjro^min<)N-r^cooooo-oo.-Hr--i-<(Nj<\j 


O^O-TO'f^iACT'CO 


r-  cr  o  o  O 


inom— »r~*Nir^r\jir\^r-*  ^^flOf-i>^>r 


-^.-'^0■J''^JOO^0^^■— ir-<Oro 


r-i.— i,-4f\j<\jCi4c\)f\i<NJ  m 


sO  --J"   (^ 


r^X'C^O•-Hf^J^nNrlJ^>0^^iOO^O.-^r\J^<lvru^^f^aDC^Or-^^^J^Ovru^JDr^coc>o.-Hrg^n 

.— t,-H,-tf-H.— {•--(■-Hr-H^Hf--*rM<Njr\jogrNj{Njf\jojr^ir\jrO(^rnrornrnrnf^  ^-r    sj-   ^r-^vr   ^j-tn 


87 


or^"— '•— '•OsCsO-j'r^' —  sj-'j'-J''— * 


(fvmrjorrr^OOOOOOOOOCrOOOOOOOOCOOOOCOOH 


t-t  II 


H 


r-r>-coo<N.iirta>'— *'00^0'vjoomrjOC'OOr*-ooooo--H^,0^-J'QOmO'if\--< 
r_(,_,,_^,-H.-H.-H,-Hf-HrM^oo^^MfM^«Jrn^n^n^nr'■■J-vr'J'-r>rL^^lnLna^^s^^O 


1  m  c  (\J  O  CO  CT^ 


'COor-or^CTsOODLnf^-j-  %omLr\<^jNr 


fNj  o  •— '  oD  o  r- 


r-H  m  ^    0>    J- 


CD  r^   r-t  o^   rv  ^  I 


icooirNiTNOOsrm^Nj-r^-^^fvjroo^o^vr  sj-oo>oo*r^ 


u^iTVsOI^COaO'— •^J^n^t-u^^<r>0"O<^'^nl^^^00DC^•-^f^lt^*>000Of^^^0a^O^-tl^»^- 


c^r^ooNTr^p^mr-srinoOfNjO 


nT-— '(\Jcooor\Jorj(y-omsroDNOOD-T>roa: 


f--.f— II— •r-t.-H.— *-H.— if-H{\j<NjcNjrJc\jroc\jrnfom   romro^   ^J'nT    ^^   \c\  \r\ 


Of^;lAoorv.<)o-J■o^>rol^*H*D-T»-H(D^o^rc>oo<^cor-^-r-^-ooO'OT-^^rl^r^oor-'Nr^^ 
0'0^^sJ<D^0^-OKlA^^•-^<Dcr-Ou^^o^l^^ri^^vJO^0<\I^r00U^l^^a>fO.— if\jtri 


Lnor^r»-como*a>C>fv'oo>0^cr-J" 


O   rM  ^  m   P-(  f\j   nD 


O^    <T    00    (^    ^ 


>OmTHi-(rr)>ooNf)'j-mvj-NOOir»f\joo(\(tr\0'U^ 

i-HrHrHi-tOJ<\.(\J(\JfOfnrn^>r 


i/\r-omr-<\j<x>-j-(\joo^oDO 


^-J■l^«^oaoo^o<oc^ 


88 


c  o  o  O  -J-  <v  r-j  ^n  o  r-  m  a 


sT    4.■)u•^   —   rHp-    r^.   rjOn-trjC-OC    OCOO 


C   <"'    C   c- 


or    C-"   C    C    (-•  rj   c> 


in  c_-  c  --^  sO  vj    J-  oo  tT*  u^  (O  -J    ^    I"- 
^  ru  m  IT.  >D  r-  CO  o  r-.  (Ni  <r>  ii->  o  t^ 


n-  ir»  o  ■" 


ir»  f-  O"  o  fsi    T   sO  00  o 


rO    f'n    f^i    ,j     ^T 


y  IT.  in  u^  m 


o  f^-  oo  r~   O"   ^j 


r^  rvi  rM  in 


O  "-  ^    00 


f\J  r-i  O   O    O   —    fM   m    ^    ^   CD   C")    rn   in  CO   fXi   %0  O    nT    &■    -J    O   u^  C  I   OO   tn   n .  r_>  O-   f--    ,0   -.O 

i^,-^,— i,_i,-Hr-i.— ir-(»—  .— <r.jfvr\j  Tv  r  oj  (vj  fN    ro  m  ro  r^'  m  rr    m   ^    ^     t    ^t    ^r  it^  lA 


nX  oisCOvjfX!  vT  o^r^  oof\jOor-~c^'^iOC'r^icD  r-   oO'~ni-H 


sO  vj-  vn  c  >  qo 


-o  -fi  a>  in  sO 


cr  f--  in   ^  ro  CN.   .-H  rH  .— I  c\i  rsj  r *  J"  >0  00  f  1  f^    vT   r-  o  -J"  co  rj  ^  .— <  ^o  r-*  f^   -j   o  r^   -j   r\.  r^ 
■Or--cl>aOf-Hrv)rONjin^r^aoc>ocsjr^,   j-ir»h-cOO''-Hc>sivrinr^oocTr\jp-iinr--cr' 

,__,    ,_^    ,_(   r— I    ,— (  ,H   .— 1   t— *   I —   .— t   r\j   fsi  rv.    fvj    rv.    (\ .   cj   fv '   (-1-1   fY-i   p-i  (>■*   ro   r'l    vT    J-    ^r     j    j     ^ 


in  i-H  I— <  in  r  J 


iinoco  -.T  oo^r-<in  —  orM>Or-ic>jinooOO'i^">  C'CjvT  oc'rnc^orio 


msOr~-oooOrHojmin-Or--ooo 

,^,— «,_i,_.   .— i(\jf\jf\jrjrjfM   (Xjr^ii-o 


r»^  CO  m  m  ci   .r   -r  -r   -r 


.— t  -r  0^1  in  O'  r^  r- 


O'ooomoaoo^r^toOsOr-oin-TinoDin^   sO 


O*  rj   -r    c-'  C-   ro 


mo-OfMooinr>jor~-   inn-,  ojoo"  a-o&oo^-  ^-aoooc^  Otxjmu^r^cT   '-■i.noOrjmo-^cJ'  -r  O^ 

en    ^    Nrinin-Or-tDCOO-Of-nrjrs     rosr    lAvOr^OOO^Orjn    ^    lr^^O^-    C>0'-'o-i^    >or^    <DO»-H 
t— I  .— 1   f— I  f— (  ,— I  1 — 1   !—»  I— 1   r-H   1—1  . — I   f\i   ro  Cnj  r\j  Csj   (>,j   cv   r.>  ci   ri"i   n  f  o"i   ro  CO   p  I   J     -j 


(sjrvj  roro^   -rinmsrir^flOcDO»o-- '•-Hr_r^-j'in'Or~-aoc7^c.  .— < 


vi-invcr^O^O-— '(MvT  in-^Qo 

(\-(SJfNjfv     C\j  <*>   m   (•<'■   r^   r*^   r  '    r ' 


n-0"r-a>rrtCr-4-j  O^ooofsjr-inu^r-  ^ao>o^a' 


<sj  cfx  c>  r-  r-  o- 


ci>  O  <^   fo  cr 


nT   r--0<raomoocooorrt0^in(\jaoincsj<7^f^^   (NOflOr-   if*  <r  tn  c   fMijfMfNjrMr^rriNrinr^O'Or^-inr^ 
.—  .--rvrgnjr^.  r^*<f^ininvOr~-f^coO-C^O»--CNJcOf<^>jin^r--COCro»-<csjr^i-ju^-Ol^^  -J" 

,_(.— I.— i,-(,--.,-,r-ti— »t— *,—(.— (CNjfsjr-,iC\    r_,rici(\.    fMr-'r^f^    mr. 

O'OiT^'OOf^r^  O^  -^   r-*  —'  m  r^  s   r^jr'i'Oor^  in>OCDrjoo<Oinr-  oini^ji— 'CMinc-^'^in 

oc>J4r«GDfMmCT*(^oomcDmcO'j  o^ooocinf^iO"  •OsT»-tO*r^invrf\j»-'OO^oo^-f^r^r-- 
,~(.-i,_jr-tc\j<\jc\irornsr   ^   inmor^r-oocoooo.— itNjron'tNrin^Dr-aaOO^OrHfsjn-i.j- 


a'Oo-HsOmmlno^^sOoo'^.'^^l/^u^^-0'0 


t\j  (\j  sT  CO  nJ-  .-<  o  — '  <^  r--  m  o  O'  o 


.^.—i,^,— (fsjr\j(\jn-iro<r   vrminsO^or—  r^ooO^O^oo.— irjr-iro^insOsOr^ 


•4'0-vOinr-o^>rNrino-Ln(V'f\jn-i>^ 


r^!n^incofvr--srr<-)minr^ 


.— ),-^,-Hr-ir\j(\jrvjnmNr   -r-j-   ininsO^Or^   r^oOa"'<>oOf— '■— < 


r^ooo^oooooorMr-NT(\joom>0'-Hr^^   m  . 


i/%  oo  f\j  00  in 


(\jmin>O00O^'-Hr-'>O00— 'vrf^O^^^-O^0C)f^J^COlnO•J' 


"— 'fNjn-)  vrin-^r-Oi— ir-iinf^o— 'o-r-o^fXjincOfvj 

t— t   I— f  .-H   1-H   r-(   fvi  rvi   Cvi   (Nj   ro   ro   ro   ^ 


O'rocD-s}-  .-iOO'Orsjino^-sror^inNrNr 


— fr-H(\jfsjfnsrNrin-or^ 


-T   Nj"in-oaDOrn-0^ 


rHComNTin-OP^ana-o 


ruro^insOr^o".  (^0.-HrvjrnNrinvDr^cc>c>o^-*^J<^'J'inNDr^cncrO'-Hrvjroj-Ln^r^ao(^ 
,-^.--<,-H,^-4,--H.-H<--<.-Hr\J<^j^jrvj<\j(Njr>jCMfM*xjrornrnf^(^i^rornr^ 


89 


c- 

Of 

Z 

h— I 

O 

cc 

U- 

t^ 

*-* 

1 

ot: 

o 

t>n 

<i 

<a 

o 

c 

—J 

1 

CL 

tu 

LU 

t— 

o 

U. 

o 

Q 

<I 

l~ 

z 

'-U 

< 

X  t/> 

CO   <J 


^srNC^i^'--''j-^'^'-*' 


(VCVCVOf^^fOOCOOOOCOCOOOOCOCOOOOCCOOCM 


>J-Oro^o^oD^CT'-TOf^.^f^|OsO•-*»-'flOO*^-0^mm^O^^OOO^vJC\J 


^   O  0*   fvj  -O 

f\i  CO  <r  ^  h- 


o  lA  .— J  r^  >r  — •  o* 
O*  o  fvi  f^  tA  r-  00 
.— •  rj  fNj  f\i  f\i  fv.'  rv' 


00— 'OrnixjOirNO^-TiTvO"— <r~-ao   j--omirNroinmr^ir»^tD{\j(\;'>0'0<'vi(M   ii 


>s  \r\  ^  r^  O'  r-*  -^ 

O  O  .-*  <NJ  rn  lA  >0 


CD  •~'  >o  — »  r^  m  o* 

r^  O*  O  f\j  m  in  ^ 
.— *  r-H  rsj   {\j  ro  f\J  (\J 


coO'^J•4•^ooO(\JxJ■>ocoof^a^GOOm^/^ 


f  sj    GO    ^    U^    lA 


•OvOOONr^oor^o^ni.—  ir*m,f)^r-^r^<rr^<rsO 


c:)aDr^r-r-floa^orvj 


Lr>  CD  <— '  in  C  >T   O 
>0  r^  O-  O  — t  r^i  lO 

.—<.—<    —t    f\j    (\j    (NJ    f\^ 


l/>(^JC^^O<T(^J^-'Ooo.— trj^OCrfsi^Oo 


■\jr-ioor----C7''— 'coo^nO 


O    -J-    (Xj  IT.   r<l    v3- 


>— •'0'Ooo*ojO(\j0^oir>'Ooo^i^T-ivr 


c\j  -J"   sO   ^  f\J   ■o  o 
lA  ^  r-   CO  O  «— <   rn 

^^     r-l     r-l     ,— I     (N_     (VJ     <V' 


lAOiTSt— ioo-rt\jOoo^NOirvirN>ooGDOcvj 


u^fvjOdr^<00'^f^ro»-H-J-i--»roooaOcvjOfvt<OoDf\j.— trno-— **A"4"r^iA^f-H.— i-j-    tt 


^O-rcNJOO'OOflOoo 


o  o  r-t  m  u^  r*-  o 
ro  lA  >o  r--  oo  o  .— 4 


sJ-aOf^J>C'-<^-ma•^mOao^OlA^'J■   ^r-r 
f\jf\jfMf'OC\j(xiromromroro>r    j-nT^t    ^lA 


C^ro,-^(Njr^<)oOsrp^>Or^r^oOLnr^f\j.— (^Oi— <-rrvjroaor^O>*ONOO*r^cO{\jr-i 


I  O^   O   <\J  C^   O  \A 


-J-    vT 


lANOor-oDOOo.-" 


o  nO  vO  r^  CD  o^  --I 

CM  ro  <j-    lA  O  (^   O- 


a>lA00'-<lA0^rO00m<7-»A'--<l^    o-fMO^OO-O 
rv.j(\jfvjCNjfV'(M<>Jrjrof^r^for^rn-^srsr'J' 


^oo^■  ^^o>o^^^^<^^vJsroo^<—■^^lAoot^  fV' 'j-o^cooOiAr^-fMi— irr.  a'oc>oinNr'Of\j.--'r<^0'o6o<l)   n 


(M 

-C 

o- 

CTl 

OD 

fsl 

r- 

CM 

rH 

•~i 

t-H 

ro 

fvi 

r^t 

n"' 

vT 

CO-4     0^-f^i— t®-^^ 


ro  r  J  ,-4  O  O  f-H    .-( 
*-^  fvj  en  ^  lA  sO  r^ 


COOO.— 'C>d>r    IAsO®O^OCOrniANCflDO>-t 
r-Ht— .(\jc\i(\'Csj<\jrf\.'(\j<^   f^r<irOfnm  >j->}- 


lAnrjiAC   ooo^mO^oo^HO-riAO-iAiAOO^   csj^ooo*00>DiAoom.— ^(\J^o^^m^o<^i»-J 


<\jOO<^O^iA'-*OOlA(\j 
^-J-lAlA^l^r-OOO^ 


O  (O  *0  sj-  m  (\j  CM 

O    O   i— t   OJ   m   sT    lA 


r-<f-H.-tc\jrn^iAr».Or-tNr  r- 
or^ooO'Oi-'cvjm-j-^r^oo 

r-tf— <.— *t— tfsjrjrocvjfvjfvif^ifM 


CM    sT 
lA  1^ 


C  lA  m  ^ 

O^    00    lA   00 


r^cvjOrHmo'r^r^.— ^^O-J■^A00sJ■msr^~mc\im^->r^o•sro*lAlA 


r^^O'-Hr-(\jooNj'o 


r^    -^    .— I   00   nO  -J-    C\J 

00  o*  o  o  f— *  (Nj  m 


o  cr  CD  r-  ^  ^o  o 
nJ-  -4-  lA  ^£>  r^  00  cr 


in   .J- 


u%  r-  ^  r- 

00  O   rn  lA 


lA  in 

CO   f— < 


CO  fNJ    C>    h-    CO 


^^  roinOiAro^r   -O'— *oor-- 


<— tlAO*    J-QOrOOOmtO 

rornm^^u^iANOO 


>r  o  vO  (NJ  ^  lA  f\j 
r^  00  00  O'  (J'  O  .— I 


OO    -T 

ro   lA 


^  <>   Ch  O 

r--  oo  o  m 


>A  r- 


iAnT    vr^OlAf\J--iCMlA0*O^>r    lA 


Oco>oc<^>OO^oooj^ 
<\jr\jf\jojmm<r>r   >riAiA 


r-  .-(  r-  >r 

lA   r-    QO  o 


no  fvj 


m  lA 
>0  00 


O*-4"«-hO^0OCT'>~-iiA 


om^oOr-ivroo^ 

fNjfsj(\j(Njmmm>j" 


•J-  m 


m  m  m  ^*- 
-j-  lA  'O  r^ 


r-<  in 
o^  o 


o  r- 


>j-  m  ro 
lA  r-  <> 


0  ^ 

I-- 

ro 

O- 

O 

m 

-< 

O- 

00 

^ 

rH 

ro 

INJ 

<») 

~r 

in 

u-> 

-o 

H  lA  r-  O  fSJ  lA 


in  'O  r^  cx)  o  o 


ro  m  ^r  lA  nO 


rH^HrH(\jrjroro(\j(\j 


nO  r^  or  o  o  <-H  (Nj 
rj  t\j  f\j  (\j  fo  m  fo 


rO^inOr-coCT'OrHCMrn 


lA^or-cocyo  H   ►-•UJ 
•sf-T^NrsriA  H  t/iuj 

H   <  a 


90 


<T    ry.  t\:   -r   Cf  t^   Lr\  r^    ^  -V  -C  \s\ 


r--(r^mfNjOr^rvOCOOOC    OOCC 


r-«     sO     vj      lO     O 


o  c   r-i  o  c    o  r^ 


.   C_    <M   CD   i^ 


lA  u^  <y-  1- 


,— 1  ,_H  ,— 1  tH  .— I  r-^  I— *  r-H  fvi  r\;  r,j  (\i  c  t  (^j  c*J  m  ro  ro  r*^  f)  'O   -r   ,j-    J-    ^    j-    j   u"\  in  ir^ 


r-  cr  <r  r\j 


iT*    O    QO  O* 


'O   ^    ^    <—>    O' 


,-H  .—<<--(  .-H   .—t  .-*—.   .-H   .—.  f\i  tNi   f\j   r J   r.j  r J   r\j  r  1  m   r-,  r^    m   r"!  rT)    ^    .r    -r    ^r    vj-    -j   ix\    n 


m   r^i   ^    Cf-   t-^   (D   <rj  O^   C   '-'   O    t    -T   ^ 


.-^    r—   vA  r.j   .—   m   00   h~   00    f^t   O   ■ 


J-    O-  r-  o   J- 


^OOJr-^<rO(DOl^\^^J<^J■J■   or-r^O"^-— • 


^rO^NO-OO'lArOvr    OOiOlOOO    ^rr^'   l/VOC' 


J-    OD    ^C'    O    O    ^    ^0    00 


i_7-    1^    r-   C    ro   c    O 


QO    0~    r^    O    OO    O-    '^1   O    C' 


mrnvTiriirvsp^-r^aoO' 


"'O*— •'^-•^-r   i/N-Or^cocrC'— '  f"  j  ro  m  ^  r^   oo  O*  —• 

-.  r-.    .-H  r-(   r-t  .—».—*.—(.—.   r-i  r-.  c\j  I J   rg   f\j  f\J   fsj  r-j   c\j  rvj  c  I 


ir\  oo   r  rn  in  o  r-  QO 


r^^4joir\rorovr\o    cm^ocr   J" 


rvj  ^  O  ^  O 
u^  o  OS  o  O 
fv-j   n'j   m  n     -J" 


•£)    ^    -^    ^0   . 


m  00   -J   cj  r^  r-    j- 


or-^coo("^JCD^o^    o-rocj'O 


CDvrp'ro^^:Ol^^O^-r    lOnoJ-sT 


r^rr   >j    sT   ininsO'Or-oOoOC'0.-Hr-tCNjfONrvn,0'«Or-coC'0<— 'r^jc   -sT  ir   ^ot^   cro.—  CNjc^- 


^■— <0(MOr^<\jror^rOr-iCMif\or^v£'r^O-r 


lO'OrNril^r-tOtDO'f^'-Or*^'-'.— trip-    mO 


<Df-)sfr^o^GOf\:*o*-*NO*-'ND(Njr-<^o^NOCNja'mc^or-  mr^jooor-  in-J'mr\j.--ooo 


rvi^h-roOOfsjsOfMO-— *mr^m 


m  sO  <\J  O'  (^  r^  O* 


cOinrommoDmo^r— 


^-u^m^O(r^o^■^r.— tOi— i«j"oo-j- 


f\jrOi/NOOmojr\j-j'cO' 


^.—t,— <,_.(\jrvif\jrOromvj    s^mlX^u'^O>0^-^-CDC^C^OO»— < 


oO  m  o  <fi 


j'Or--ir*mr~-c>sj'^NO-j   -j-^Tr-o-j" 


r\jroa^r--aoOogmP^OfVirvao.— i-*-OOr-4Lr\0^ror^»-(NOO 


NOOmcgoo^O^Op^vO 


r^  >r  Pvj  OJ  csj 


— tm   vj-   inp^eoOojfTtmooO'^jinr^OrOsOO' 


r-  in  ^ 


rvjrrivj-sOO'rOf^'^Of^vn 

•-rin-or^ooo.— *rriun^(l> 


r-i  rj  rj  rn  ^  in  in  sO 


II   in  r-  o  1^1  (n 


«    m-or-ooCT'O'— *f\jrn-j-.nsOr-GOOO.— (f\jm^in^r-cnoo 
M  ,— (—I.— if-Hi— I.— *.—(,—*.—(»— 4(Njr\jroojrjfNjf\j<\jrj(vim 


91 


•^>£    o-j-I^— i-^'f-r 


II 

ifVmccrOfvOCOCOOOOOOOOOOOOOOC'OOOCOOOH 


>-H  M 


r^oOsT    -Or"".  ^<r    OOOD   rnNT*— ■■ 


<r   rr,  oOoD>j   irvrviin^   <Dr*-    n 


oor^'j'>or^coofvmmr-ooooosj-xcoO(NJ»rvr-o*fNj-J-r-0'''^ir\f^o 


f-t  u 


moojooo^*rimooir^inoa'r<i<Ni'^i-'>flo'^c  »■ 


0*(^JO^^J0*'^JO■— '<DO^    h 


-H  n 


•    •••••••••■••••••••••••••••••••••«•*    II 

ODiTiro.— (0*cor»-r^p^<DCT''-Hm4r\flO'— *Lno^>rC'irsr- (f^   vj--— 'Or-ommmiAor^O^rj    ii 

st   tn^or^r^asO'O'— *f^JfOU^•o^^coo•--*fv>Ja^^^^oc^J^l^^^^^f--^l-Oln^-a'f-^^^^o    » 


O-  OD  O  r-  1^ 


aDOLr*irvOsOao<^''^^-   vr>0(Vi'V)»o^   ^o^n^noo^OO'•O^I^— (O^r.— irvioor-,-* 


.-Hr^>j-  o^^lr*r^J^-*c^<0(^^^^^ooc^Of^JNr^^o^n^^f-^^o<--t^Of^Joou^f^JOGOOlf^N^r^rn  st 
1-^.— t,-Hr-Hi-Ht-Hi-H.— tr-tfsj(\jrsj{Nj{Nj(\jrsjfornf^r'trnfOsr^J'-4'Nr   -j-   tn 


r-HO^O^moor^O 


if>fvjvj   tot^o^j'^^r^-T'J'(t>>OtDf*^<\j\r*'—» 


inrsjv^o^i^oo-ocNOi^fvj 


O  Ck  2 

on  u  </i 

i-H    I  a 

o  l/^  ■< 

a-  -J  I 

c:  o  Lu 

I-    Z)  LL 

o 

o  o  ■< 


II 

(\J.— tryioOOOO-roOOn-^C    C^'^COcDOsOmoo^miTi.— lOtVOOr-C'lO-JvOfM.— ip-iO"0DO*£)i/>r^cn    II 

•     •••••••••••••••••••••••••••••••••••••••••II 


o^f\jr-  f^t-HfHmoo^r^  o>oir>'0 


oOnOOO   m,— ir\jiOrv(.--i   sT^^-O^rooOroo^oO 


.— i.-H.-Hf\jror^fO%rvr(nu^Of^r^(D(?'0^0.--iCNjrn>jirt>Or^a30^0<— irsjrnNT^r^oo 

,— ti-Hi—H,— If— 't— *.— tr-<(— *rHfVt\jrj<\jCM(\jrVir\J 


srr^fvjf\jrn%CrHO^OOO'rnoflDOf^O*aoc>'^C>-OD<>rnO'eOO-TOC'^lAc\j<sj 


II    rMr>-(\jr^%r(\jcvi-j-r^mocT- 


sroaoooo-j-oo^0f\jh-(r>'rir\0' 


^-l^oeDrH<r^-0'-o^-f-(^ra■^-lOD^J^^moo-src^^ooJflOlr^(\JO^O 


M    0>— <tNJrriir»00f<>CT'sO>Or^OCTi0^f^'O00 


I   lA   (NJ    O   O    OJ 


M   0^irvcMoo-o^ro-«TOO'mo>o>J"'J"ior^rH 


M        ••••••••••••• 


H         •••••••• 

n  .— irvjrvjm-srino 


CD   < 


M   h-  noc  o-— *<\jro>j-iAvor>-Qoo*0'— lojm^in-o^-ooo^O'-HfNjrOsr'  ir\*Dr*-cD{>o<-H<\jmsrmsor^a50^o 


II    t/i 

II     (-1   : 
N     (r> 
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oj  ^  C^  r-  ir>  ai 


vCnT^i.""-— '^-^^^^-fv'0^^(^lOOCC■C    C 


^       O^     00     O     <I       r^     i 


O    O   O   C 


coooo<^ooc.<^    r   ccc    ti 


r-iTvr-  (MCi  r-toi^i"- 


r--  m  ^  r 


.— *t\jnvr    a^^^OOO^O^J^o^    -or-    CO  O   r-i  rf\  \x\   ^   ao  ^-'>   r-*   r<)   \j\  [^    0"r-*  c"'  I 
.-Hr-^.— <.— (t--<.~(.-H--Hr\jOjf\j(\jf\jrvirv)rnrnror<-i('rir'ivr    }    -r   'S    <t    -J   up\ir> 


omoor-o^-j-   .— <.-'-roooo^f^'r^ci(^or^   cm 


orO'flOtMO"   ■—  nOitn 


r-Hr-^.-HrHr-H.-H.— ^^-^l-^ror^J^^,■(^Jr.Jf\Jf^JOo^^^or<lr^^n^o^>J'    <r    -j-     r    -TifS 


^  <r   r-    J- 


j^or^GOoo-rirNOOsj-ouNrQDirvvr   r^m.—) 


oD-or-   f'JOr-'^o   -r   ^tM 


UN  m  >r  oo  lA 


r-c\jO."<^   ^r-r-oinn-irosOi 


crc>mcrooo^^<-«— 'ntoo 


.-^   ^^   ^H  «-^    ■— '  .— I   .—t   t-H   .—<   ,-H   .--<   fNl   (^l   rv)  <Nj    r\!  ro   r.j   rvj   rn   ro   ro    n^  rn   r<~i   ro    --r    ^T    -J- 


.— ir-    >Ocoro,-(r\jir>.— ^COroo^r-r^OiT'fvirviror--    -r   r^  -.t   co  -r 


■^   a>  -r  m  u-N  o  r^  (^  <i '  ir« 


t-H  .—<   ri   f-*  ---^   .-H   --H  <—•.—-   f-H   r--<   rj   rj  <Nj    f\j  r\j   f\j   (Nj   r\j  f\,    ro   rn  ro   r<i   rn   r^i   r^i   ^     ti 


r^-j-cNjpor-vrm^Ojri-j-   ^oco^r   <rr- 


cooo-f^jr-UNini^-— <r^>Df^o>o-rir>r-rno<— troO'    » 


flotncDrna^•JC»o^-Ja''^fOl--*oD^■J<v'--•(^aD^-r^<)^^^^^r^o>o■*-'f^J•sr^oo>— i^r-oro 

.—  O^O'ONTOooo'f^r-   ir«ir\oo<NiaQDcOf-HNOr~><-Hfvm»a'^OvT   moorviO-r-   ooi-*sOmrir^   ■^r^crO''— < 
C^oj>Or-tirvO'J-0'iAo^fNiooii^r-(oomr^oaosO-J-rMOCT'<r)r-    ■X)sDiominsO'Or^    ooO-orurrjocO 


oo*--*mor-m^O*-j-«— iO'vini-icDooo-<^jr--Nr   rommo-iAmi 


r^^(— *CDsOr*^0'r'^0'*0 


-T<l).-HinoDrM<)Omoir»om,-iOooGC>mf-(aDmrvjO^>0>J'Csjooo^mrrj,-icoo^O^ 


M    nrji-^Or-^ror^fsjoOOf^ooifNi 


>r  'O  o  m  ov 


mr-cvio^GooDO'mcovr<si 


M    o*— •■~«rjrri00m'--»0'aOflOomao>r 


I  O   a-   O   r\J   lO   o 


^rjsjr^r-<,Droo^(l>r^aD 


I— It— *t-H  .— (i— if\j(\jt\j<\j  mmm 


•— <  Co  fsj  m  sj-   ir\  >o 


■  r^  CO  o  o 


n  C/^  in 

^jro-rLnsor^<T>0"OpH(\jro^msDr^coo^o---*(xjrnvrLn-Of^'x   oo«-tf^JrOvrir*^r^a5co    •«  >—  oj 

,— «,--*.-Hr-j,-Hr--<,— lr-^^^|^u'NJ^^Jf^J(^J(^Jro<NJf\J^n^o^nrorn^o^n(^^o  ■  t/^uj 

N  CD    »— 
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>c-c^C'4■r-— i-j-^^r--'— 'f^ff^f^icf^rooooccoooocoococcrooococoocc 


•    •••••••••••••••••••••••••••••II 

mf-^OflOCO^^^-^-coc^Oc^JN}■^--O^^OO^f^O^-JO-0^sJO'^nmoa*>-M 
r^oD^^O-— *  rMm-ru^r--ooO"0'^Jm-J-^f^«oo<\jmLr\*f)aooc\jmu^   m 


OOfVJ    OlNJOOOOr«Jf-H 


ocNjaoaomfMUN^r^'4'-Orvjrno'CT'>r'j   cor^-— 'O^coCT*!! 


^.-<ooNO<rr.,o0^aoaDooooa*Or-ir>-'tr>^-oro,00>roomcDmO'irv'\JO*'0 

u^o>Ol^ooc^oo^-^fMo^<^ln^^coo*o^--l^n^ln^-ooa^.-H^^Jsrlf^^-(^Of^) 
f-~.r-^,-~^•-~^,—^•-~^^-^f—^^-^f-~l^^c\J(\)C\iC\J(\iC\^r\^(r^^n^n^nrn<*^>T    -^ 


r-.  II 


O   oo    — '   'O 


oQr'-r-^^mcOvf^-OO-J' 


Nj<^-OLn-OCT'ir\r\jrsjc-or^rOr-i,— (>r    ii 


*ro^^f^O^-■l/^^0.-tOC■COr^^•^^flO<>'0'--^^0^^\r^OrooO■J"OO^nc0^ocy•^n 


.— *  II 


^^j-rvio^Lr>a-mr>p-r»-r^<^<rf\jO*iO 


ooir»co^srsOGOo^ooooooo>o-J"^^oon 


vOOlAf-H^D(\J<x>u^■-^ao^o^^•-*^flor^sOu^^nu^\Ol^^O^-c^o^^l^^^^-o<^^^'--'^^^o*vr 

.—I.— I   r-i.-H^-«'—<.— *—).—<,— I.— '(\jr,  I  f^,f\jrvjf\jfvj   f\jmmmn-irn 


r-l  It 


•  •••••••  ••••••••••••••••••••••  •••••  •••II 

^OC>'^oOfv)^^rJ<»^<^<>u^<^JaDlAf<^ooO^O>*^<l.-HOoO*O^OOr-*^^J^o-4-^<Or-^^o,OO^^nH 

,— «    .-H.-H.—(i--<.-Ht— (.—».— fr-(r-it\j<\,t\jrj<\jr\j<\J(\J<\jrofri    ro    h 


omoj^r  oosj-  .-Hfvjr-  'Ocdia  sO(\j. 


l/^moo^J   ^o^o^-j-rO'0<f^r<^Ln 


■— <  sO  ir»  O*  oO 


o   —*  flO    It 


a>>-^NraD.-^a^O'v^oo^noOvrC^ln^r^-J-.--'oo^/^^^,lOa^^Oli^^T^^<v.-Hf-<.-^.-H(^o^^^lc^ 


(v-^mi^  moa'000'coifNor^mtr»%oo^-rooo^- 


LPi.— 'C^00Or<"'O''O'«Cr^ 


NC-J-rr,    \r»cD^f-'.^C<>H 


C   tt  z 

t-  *-  o 

U-  t/^ 

u'    I  a: 

X.   t/^  <i 

13  <i  t_j 

-J  -J  I 

D   O  UJ 

>    Z!  U- 

D 

^-  Q  < 


<r»r^rn{\jrninOf*-r^<o<\jr^  if»if\r^r-((Of^r^o^ror^,  'j-aDii^<**cn.Of-icDeDO'  r^o^^r^r^oiPfv.— ( 


o^-l^»^^0'J■'0^^^^l/^^^c^vJ-ao^v'■J•■o-0^^0'J'*^'O^CfvcDm^^ 


<r  r^  o  o  —t  f\j  c^  • 


^^cof^Jr*-^J■f^)sr^^(M«f^^^O'4•oooaDC•4■oa^^-C'c^Jeol^»lr\'00^^r(^Jr-(c^Ju^o 


iiOirir-iino-J''rrvjvr^tf>'-H^(NjaDOoorninNrO'.-(0-oo(>flO-J"r^(^-jaoO*r^r-t 
II   ••••••••••••••••••••••••••••••••• 

Mr^J^^l^^.-^OO(M■o<-HC0^-^^0^^^JC0-J■^n^nln<Dvr•-^C^C7'»M^^\o^--^0■>0fl0f^JQ0 
H  .— |(VNroooo<^JU^^*Or^^oo^^^^.-^lna■^^oo^nf^r^ueornc^vrOsO^^JC^lO 
H  f-H-— <.--(i-Hoofvjf\JrnfnfONrvrN3-irvif\-0'Or^r^aO'X)<>00'-~t,-<f\j 


i^.-Hmf— looh-r^  a*oj<0(NjooocoO-rjsOrsjCT'r^r-cOr-4mr-*aar- 
romif\Oooo<NjLOP*-orjir»co*i^irvcDf\jir\o*mr-CNjNO'— <ir»o 


irnor^r^»— (^Ornoo»--<m»r»Oirvmooc\jmo*ir\f\jc\jro 
iooooo^<\jr^(sjO'^-<OOr-0(^cOsrr-to*ooa''-t'vroD 


lOvrro-j-ir«r^omoiOf\JOoo<Oaoor\j 
■-<(\jro-j-  u^^-aoOf-lmu^^oooomu^ 
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f\jif\aoc\jsO.— «r^roooo^O^   >r^  irv«oooONraOf\,r^   mc>sO-4'(NJr-<'-Hr-4f*jro 
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ir>    (T    03    CD   O^   CT*  O    f-t    f\     Cvi    fV    t\J    r .    f— '   O    O^    (C   sC    -^    f\.    C    00    ir^    (V'    o    ,0    f^i    O    nO   I 


0^i/\>-Hh-r^flO-rO'iOCir>C    H 


o  .-  o 

>  X  z- 


,~H,— I.— .,-Hf— tr-*.— inH.— tf-tf-.»-Hf—   f\jr\)rjf\jfvi 


11    (v-ou^o^fMr-Hr^oo-j-inrj^T-— (rriOm- 


sj-fvjvnvroDr-.— "OiniriOr- ip^co^nO 


vj-r«')srr^rnoooaoorn«)^r\jr-^f\)-j-oOrnooocoo^rvjr^n-toa-o<\ju>or*-ii^ 
i-HOjroj>r^a>oroa^r^orn,o(y*rgu^a-rniOo-J'Or^oDrrir^rn<cr>o^<ro 


M         .-Hf\ifnvri/\r-0"r-troinr»-C'f\)Nrr^or^(-.O^moo-4'<x>fvjOO 


,_(r-i.— *p-(p-(f\jf\jc\jr\jn'>mmro-4' 


II    ^'Joo^n<x>(^o^Tu^xJ-.-t^-.-^^u^^<-*^-— t 


aDNO"^a>ocDmsj- 


ro  fvj  r*-  00 


lAOtnrMOD'^'^n-irvjrjrsjro 
rHr-<r«jfMmsrir>^r^coCT' 


II    mr*-r^rOf\jinf\jr«-i 


I  m  >o  O  >^  CD  m  00 

•-H      r-H      ^     f\J      f\J 


II     P^    00    (NJ 


X   00 

CD   < 


II  h-  CO  o  o 


II     1^  UJ 

»  <  oc 
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r.,  .— <  f\j  r>j  .-H 


C   •-»  o  fv 


C'  o  o  o  .— '  O  O  ^  o 


o  o   c   r-    (I 


in  nO    vJ    sO   f"^ 


O  lA    h-   r  :   LTV  1 


03   m   rn   .— 1    O  CD 


—   irv  cr   r- ,   ,0  o    -^    >0  00   r-i   r.  f-~    ^  en     o   O-  u^  O'   '-..   <^  > 


•j-i/\,o^r-aO(>oo 


CT'QO    m.— i<j-n)    .— lO 


mo   i^j  sO  f"!  m  r^ 


aaosoocoo   ^-lr^lnl 


O*  <— '  vT    o  o- 


mx>r-aOvUO^^cr 


^  f\,  n->  X'  in  m  o  rg  ^ 


fNj'Oo^'Of^jooo^oooor--  ^0^o 


f~*  H 


^)  GO  •— t  a'N  o  ir^   .— *  ^  ^^J  ,o  o  r,  r\   o  u-i  r~-   st  -o  r« ■  cm  m  ur^  r-   r-~  m  r^  ir»  ,o  u^  f^  i^.  -j-   ^o  oo 


m  ^£)   00   CD 


oo  .— I  go   ^  ^£>  nO  o 


r^   — <oomr^   rrvr*oo-   m 


sOOt-«if>co--'Nfco   — '^   CD^CAOD-— 'vj-r-C>-— trOLANOoir»-J"   c\^  O^  Kr\  o-  r\^  -J-   <^  C^  -O  r^  ^ 


»o  lA  00  m  j^  r- 


r^  LP>  ^  r~   o 


□D  lA  r^  cr    J-  CD  f^ 


^O    J-    r-    — <   00   f\J   r-V  ' 


Lnc'^f^L'^r-o   .— <.— .ooof^sor^r--   -j-   ^ 


1  r-   n-    ir>  <^J  j>  o  m  CO  o 


sO  r^  1^  •— *  r^  sD    II 


^-lnu^^000^^^^f^■O<7*Q00000Oi-^rnl^^^^0*Ci--^O00LOO(X;(^_flDO0'(^J0*OsJa'l^^^ln^^»<-• 


rnmoor^o-Lnmr^-j    ■£><r)0-or^rirr,a;> 


CD  C'  r     —'  lo  ^  oi  fvj  h-   tn 


r-     vTCO'Tl^^r.— "Ornf-^sj- 


■O0DflDrn(N,j-  c-OinmLTsTr--  ooooir* 


-j-mr-  ^  CO  r<'-  r>  o 


rOvTOO^O    .^^^in-— ' 


,_4,-.mr-rooDLnsrvrir»(^Ovrc7-mrMOCDr-   O'Cor^Qoeoa   C"0    oOvO-ro^r-oo-O'Vi 
,_^^-r-^.--<rvj(vr^rv'rnrnrornxro-srif\iJ^ira^vrt'O-c^-r--r^r^C0a^coc0 


n    m   -J-  if>   m   ^   r^ 


oeor^r-   ii^Oio   -j-rvjODi 


i/>-sj".— Hro.— ■moof^r^'— 'Lr»r*-sDr-* 


r-j'-Hf^^u-^r^CDOf\jrnu^CDorvj-rr--0'xiirkooor<-tsO(j-r-iir*oO<— «^h-orrt 


II      •••••••••••*•••••••••••••••• 


II     NOOO*Oi-'Ourrit\jC:'r^'VvOQOaD'^ 
II       •      •      • 
»     (>j    00    -J- 


O"  03  lo  c  I— I  a^ 


.-H.— ir-i.— I.— tt-Hr\j(N.'rvif\J{\;ron^ 


.-.sOf^o^sT    r-G0^O.— tn'if\jOfvrnO-4'    lArO 


H    r*-<— tir\mrjiAror*-'.0'-<rv)P^O^ 


ino'vj-O'O'^Ofloi^'Otrviri 


II    <^Ju^•J'^^-J'lAO^^ 


II    .— tmoOro^-.-HsO 

II  .— t     r-H     r\|      fNJ 


B    P^  CO  a-  O 


SL   >-*    K^ 

z:  X  ^ 


C   O   <-«  f\J   >-< 


q^-jO'-'O'-''-^'— <omrji— tcf^' 


o  o  o  o  o  o  o 


O   O   C   C    O    O    II 


,  .— .^^c^Jr-^Gc^u■^l-^ar^oo^^Nrcoo')0•— '>o-j->oc\j.-isr.-i^tf>rn 

I  •••••••••••••••••••••••••••••• 

I  or^c0f\iC7o>J"(Mror^LriO-— ia-0:r»mNro*i^oOmr-imcooaOmr-iro 

I  r^r^otciPsr^j— 'C(7-C'(T'OOroroir»r^O'<\Ju>0'cor^,--i,ri'— ir-roQ* 

I  irtor^r^flOC^c:)'-^tMc\jr>-i^sCf^cDa'0'-*f\i^*"in.coOC*'— ir\i^\r\r--ao 

I 
I 

I  nr-rnoooc\jsC»-<eO'Ou^NCoor>jr--^r-it— )f— <vrr-f\jCD-^vn»OQ0— 'sDfvio 

(  in-— If— 'Nroo*''--'«oiA.O'-H^CNrojr\j>ornrnOf\jt— i-^o^<DOxA»i^in^r-r-- 

,  .— t^^mO'^0(\JO^^l^^(^(^JOoc^t^o^^o»— trsj,j-sOOOOror-o-T(prMp-r\j 

I  .— *t-H.--<,-Hr-H.-^.-Hr-^r— ir-^rvjfNj<\jr\jrur\jc\jf\jrornrornrn 

I 

I 

I  ^^^Of*^u'^f^a><0^^'0^no^O■~^U^O^^-f^^o^nc\JO(^^oco^^>OC^O■— irHOOOin 

I  o^inu^r^r\jO'-HinrvjrvjiJ^.--^C''^ir»r\irfisO(Nj.--^rooOiOvrQ''*:^U^r^f^»-Hr\jNCr^ir^ 

I  r^J^<^^o■vr^u^sD•O^^QDOOO^O'-^fVf^J^f..^ln*0^^00(T■OrJ^^vr^^^J^a^o^Of^l'^ 

I  ,—irH.— <f-Ht— (.— trH.— I.-HI-".— irvj'\J'V-f\Jf\J(\jf\jr\jrnrnro 

I 
I 

I  ••••••••••••••••••••••«••••••••••••• 

1  o^^O'^c^•Tf^Jr^f^(^^^J>J'CO^i^LOl^r\JOO^CT(DO'f^O^C^■OlJ^f^Jf^J^^^OOOc^f^JCO^^ 

1  -^^^Joo^n^nv^^Lnli-^^sC^^coooc^o■— '.-i(\'ro>ru^'>or^OOcro.-'f\jro,j-inr-GOO^o 

I  ,-H,~<,— I.— »»-(,— (r—   .—ii— 'n-i,--((\jf\J(\Jojr^.if\j(Virsjrvirn 

I 

1  (^JO•J■-T(>C^lr^^^^oOs^•^nr^LOflOln^^ro^CTC^^^o^o^J-^Of*^a^^-'rH^^acOi-^oOOr^ 

I  ror^Jfn^^^orM'^cou^■J'lOO'U^^lnc^^^^-ra^ao^ro>t-^^^o■--^fM1r^.— lC^c^^vJ^-U^ 

«— li— !•— ii-Hf-H.— I— '■— ir-i— ii— (.— i(\jfvf\.'r\jf\jrjr\jf\j 
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t—*.— I.— *r-l.— I.— !»-<.—(.— It— ',-H.—*i—«(\jf\.fMC\J 

CXC^•— i^Ccsji— lf^JU^a'lnf^^nu^<Dfnoc^OrJO(MO'0"0^o^-sr^^Jf^J^^^-^^JO^^-ODO<^ 
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r-l 

oorj^r  for^oof^co<\joo-rfMrjm.-ir-(n->o^r^a'rn^H^^inc\J 

f\jr->rro    -J■^oO^O(^JOOl— ir^NDf-^r^sfrOro^    sOOiT^rsjOO-O**— I 
.— 4t-*f— it-H,-Hfvjf\j{xmo*)rom^   -ju^iTNlTi^O^ 

.— irHtvjroinvor^O'OrvjsrNOoooroNj'f^OooLnQO 

I 

.— I     .-)     r-l     .— (     ,-t     .— '  I 

I 
I 

omo-j--r'ir\<— i-J-roooooofNj  i 

•    ••••••••••••  I 

»— Jr^r^f— ivOroO^NOvfrjrj.— 4fNj  I 


M   r^mNO-TP^mof^ 


M      nT    fM    (\J 


H   r^oooo^(\rm«r 


l^*'0^-cot>o^-^(\Jfn^ln^^*•ooO'Of-lf^J^^^lf^^o^*■coo^o^-lf^Jfn>*•ln^o^^oc>c^O 
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lO'V'.-*'— <'-'f\J— 'H-     rj— lO 


r;  o  ^-t  c  o  o  o  c 


(-n^(j-<— <f\j— ,flDroNrorvjcOr-r-oOcoxa  mr\jf^- 
vj  r^  G  ^  r^  (Ti  r\j  ii^  r^  O  :j>  f  ?  a  o-  r^  s  c:  j-r^  OD^ 
cTi  r^i   ^  vT    -^   u"^  m  ir>  irv  m   sT  ■^  vO  u^  i-Ti    r*  ir*  -J"  r^  (vi  .— 4 


ir>  vA  r.  C-^   r-  m  H)  r-n  O* 


ir\  r^   -^    -J- 


cr;-    O   (^    J'^ 


C"'  <r   a3  <'  o  o  vn   j-  ^   o  ir> 


flO  '-^  Ni>  -J   vo  r-  o- 


^CrvimoOfMLnanOr^'iTNi^   O^O'-hi— lOfT^Dcsi'^'- *'^fNJOd(Mrvjrj(\jf\jm    ii 


sC  in  >r   cx)  up* 


(V-H<>ro.— tmcoa    OO 


CO  CO  ro  o-  o  O  .1) 


m  sD  •— <  m 


a'rH>r^-0^n^^^o^r\JU^<X)■-Hvr^oa^O.— lf^Jr^l^--^ooou^^t.'^<OC^a-Oro-rv^^J- 


ODsrP^ornu^^cDvru"^vj-0^<X)cDio.o   ^■— 'L'^-x 


CO  O   ^    IT* 


o  o  -O  fv  . 


r^   l/\  lf\    ^    n-i 


^ou^^^o^^lnaD.--l«J■^^o^^oc^•-^^'■^I~0'-H<\l(^^nfv'.-^<D»^^•--*li^ooo•o^Os^^o^^ 


rOsOJ'mcrm.-Hr-C'— *^0'J■t^^-J■^J^O'   -J"   -tcd 


CO'C^'— I'Dr-r^arr-^eMOOoOvTinvO 


oor^ooof^oo^rocDsT'  ^rofMr-40flOir»fNjh-of\jo^ror^o<Doi/Nror-iomooroa'^    ti 


CT-r--  ocoo»rvn-i(Nj.— (Or-(^J-roo^J^^£)-J'^0'— "tTi^ 


■j-a'OOOr-aDOvro-o--r 


sO  ^0  <r  o    CO  I 


CODCT*— '"^iTivi     y-i— i^rv'-JO     ^i^f^'OO.-'OPa    »— it— lOOr-P^mr^ 


•J-  r-   m  ^  c    -J-  sC  O"  t'- 


^fvrriin>coDO'<— ir^»raoofvjirooOrn^OD.-HNrh-o'  r  j  mr-or^J^^£:^-c^c<-t.— i.— .oc^-ioi-tr^    ti 

M 

■Ovrr^vr^O(>NrOooO^C-Ceoo^n^^^vJOON^O^^sJ■•-^c^^l)roO^-^n^-r-^^tiSHrcJ^OO*■  u 

^-.-H.--'.--t.^o^r-fM<\;r^rornrnsr>j--j-^u^ir\LnNOsC:^'i-'>Cf^r^f^l^  it 


H    oofvjr^CT^'Or^O'J' 


a>tf>ro.— loo-r   ^r-«r\joiA^m»r\ 


.-i^oo^oo-r-NO'-H 


f-^o<voo^^>r^^f\J^^^f<^JrHO^-H^Mln<D'v^c•.-H^-f^.o^--r•--^o~^^■J-.--la>lr^ 


Mi~^ir*r-HCOr^r^l^Oror--r>jCO-J"(\J'— *Or-<f\.'J-OCy-rOGOrno'U^<ViO' 

H  .-Hr~4r,jr<-i^sCr-aoo--<ma^r*-o<— lmu^^-o•'^Jsr^-c^^Jm^- 


^ooco-— 'sL:i'-Ha^O"(^J'Ttr»vr   .— ir^otxji-Hr^fMmror^o* 


M    ^H  vT  a*  j:; 


(NvOfVj-J'ir»N6NrOrn>J-rsj00OO-O0*0^'O 


H    o-rvjroroo-^mO'Or^O'r^r-j 


H    OfMrno^om-sJ-^O 


(\j  vT  o  o  m  r*-  i-H 


^^ooc^O'--^^NJ^n>ru^sOr^X)C^O<-HrJ^n^u^-or^aoc^Of-^^^J'^vrJ~^^o^^a:^t7■0'--'^^J^^  »   •-'uj 

,-H--*.-4rH,-^.-H.^.--^.-^.-Hf\J(^J^or^J<^J^^Jf^Jrgr^Jr^J^o^nrnroror<^fn^nr^ 

It     03    »— 
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OOoC   ^-sr^-^-r^(^JCt>f^Jsrr> 


OCOtVO0r-4OCr-iC0OOOOOOCOO0OOOO000C00 


.^   •—<•--*  •—t  ,--i  r\'   r\j  (\}   c>j  r :   c\i  rn  rn  en   r^  rn   ^   ^    ^   ^   ir\  ^c\   \s^  iTs  >0  sO   -O   'ii)  r^  r^ 


l^h-(\jroorvOrnrMf^r^rnir*<^Jinrnf^r^CNjrno<NJOrnrvjr^r^roir\(\Jir\Nr 
0«-HfMro^^or^c>orvir^ir.r^ooorusrsO<DO(\iirvr^o*f\jvroo**\J^h-0 


sCcO'-J'-Of^^OrO'O-J'h-    oO^QOrsjrM-D^O.— t 


ih-h-ro^t~if\j0^f— <oo>— 'QO^ho-  m^ 


insr^rsrin^O<»0'^'00'TO'U^^r^-j-rvOODf^r^(*--aocrorr>inij'(\jr^---*r^ri 

r^ooo  o<-H(vroLn  sor^^Or-troir»NOooof\j<^iAr^CT'  '--^m■Ocoo^\JL'^l^oc^Jlf\ 

,— 1.^,— (r-*.— 4f— I,— I,— .f\jf\jf\jrvj(Nj(Njmmf«-»mromvr  ^>r   *J■lr^l^^l^^u^«o^o^D 


j-cy-GomrvjsOir^oor^ooo 


OfxjO'  >— •ooo^-c^lJ^^o<^(^^c^  -j-^r  o^cr  ^mr^^oo- 


-J-— ^^QO^-^D•O^C^^C^Of^L^^f^Jf^f-^^^f^JCOu^^\JO<t>^Ol^^u"^lf\ln'OODOf^J^i^<^■(^J 


l^^lf^o^-OflOCT■  ^o^o«-^>-Htf^m^cm^o— <iriii^oo>oo-^r^ci 


flOr^-occor^oovrrnaor*- 


^n>rNr^i^<)^^^^oot>o•-«<^J<^>r^o^^<I>(>■-'<^J^l^^f^aoo«-H^na^^-c^Of^J^r^ccoo^^I^ 


iTi  .-H  --)  (pi   ^   gD  f\) 


f^mooNT  <r  o^  t^  o  ^  f^ 


iO<X)0^0-J-mmiNjrrr^^O^,0-0'— <omo.-'irv4' 


oo^JCfVl^-X'OD^J^^^>ru^C'^^com<^.^rc.O 


fv   r^inr-mrvvO"— <»— »irvf^-r^oo^oO<nf\.' 


.-^r-^r^|f^j^^rn^r^rlf^u^-o^^^^<DC^o»--'c\J^n>rlO<)^^coc^^f*-|^^>Nr^r^<oOt-1<^l^>^o<I>^ 


'*rrvjf\]'0'^mr^mf^^fvi<v''j'00 


r^sOQDrOfvrooo  ^r^fV-'O  .— itf*  r^im-^r^t^f^   mm 


Orn^oo^(^[^l-^^Ol-H*O^^Ja^^•--'aDln^oO<0^-^O^f^>r'4'>Tli^«.Or^cooc\J^f^Orn^-.--t 
.-HrHrHi-HC^(\jforOsr'^a>iO-or*-f^<x>(>oo<-HrNjrn>rif\or^ooo^Of\,cnNrir»r^tf>d^^^ 


^-C^.-H^rr^Ofo^-•<-^^Olf^oO(\Jao^.— (QOir»(\iOcO'Oir*^fnr.jf\jf\j<\;fO.T 


in.— iO'C>(\ir^if\irs<x>fOOO(\jr*-j'roLrso*^ir\^or^ir\f*^  O'^O^^'io 
,— ir-t^Hfvirvifvmtrim-j-  -rinifX'O^or^flDOO^COr-toomco 


r^oo-— 'NOrOfNjroo.— ^flD<^)C^■'^J^^•^^   riiinoOi 


o  a*  rH  nt  O"  ^ 


f\)roif\-oooo<v^r^CT'<viir\Ofvj'00-j-oomcoc\joomaOvj- 


^c\j.-Hi--»mr^(\jCT'r^r^o<Njr^>r(\jc\jm^,— ti^sT 


ro  m  sT  in  ^  CO  o 


mirN<r>orroo^(\Jlf\Q'esj^ 

r-<.-*rHf\jr\jf\j(\jmfnm'4-'»J' 


r^^Hr-rn.-too(\Ju-»oo 


o  f^  <o  >o  r^  o* 


1— t.— (Cvin^TiT^or-ooofvjf^^mr^O'— t 

,-,    rH     ^^    .-*    r-^    ^^    (\J 


H    r\j  c\j  m  ir\  T^  O' 


<4-  »n  sO  h-  CO  o  o 
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■  o  o  c   c 


C-     <r    C->    O    C     coo   O    <r:-    C       II 


ro  cj    o  o  f) 


CO  ^o  nO  l- 


-r  o  o-  ^ .)  to 


r-  ir»  sO  — <  i-. 


vT  vj  vA  -^i  r-  CO  o  -— •  vT   -r  a   t\j  in  o^  ro  oo  n,  oo  co  n 
"^cvJon-J■u^<,oOoc-^-^c^ru^sOOO^.-^^_    j    ti 

r'   fu  r.i  f\j   ri  og  <N'   Cj   fi  m   p-i  {-n  ro   r">  •-•t   m   ^    j-    ^    u 


mrNoromcr-vT   -— •o^ooOfs.lr^■-HaD*c^^'- 


--l  CI  r-  in  U-.  o 


Lo  cr  ^o  nD  c    oo   II 


r  i  cvj  fM    fvj   f\'  (Ni   (O   ro  p")   r^,   r«~i   i-r-,   ro    J-    ^f     n 


r— I  II 


rr   r-i   >3-   00  ro  o   O*   O* 


ror^mC'OOcoO'f^oO-rrn^roO'^rsjror^n'iro^ 


I  m   Q*   o*    II 


^mof^ioroocOP^iTtmrv    t— tO-cor-    ^-^OvOO-i•O>■C00»O00vr-O0'f■J^/^00(^■ 

.--4   f— I   .-H   r-4   ^H   *-<  r-4   .— 1   ---^   r-H   rH   —^   r\    rvj   rj   rvj  ci    f\i   r\j  fvi    f\i   rn   rn   o"!   rf.  ro   rn    f*"!  r^ 


.— ■rvj-ro^^tTi'^aOr— ivomocTot^Jinc^o 


O   C>"    IT*  on 


iTv   .— I   CO   O" 


00  00  o  ir«   >j   -o 


vrtf^^o>o^-ooooO'0-^.— 'c     n-.  ^ir*ir»>or^ooO'Or--'^Jr<-,   xrmNOr-oocTC-—  '^-,*msOii 


OOO^rT-iO     f^h-O     r^'O^-Ou^^r^CLfN. 


CO  r-  r--  o  f^t  r^   vt  m  j-  r-   r\]  cj  o 


oo  ir»  -1    o  m  vf\  (^ 
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RESEARCH  SUMMARY 

In  early  September  1975,  two  clearcuts  (14  and  17  acres;  5.7  and 
6.9  ha),  two  sets  of  4  small  clearcuts  (<1.5  acres;  0.6  ha  each),  and 
one  shelterwood  cutting  (22  acres;  8.9  ha)  were  broadcast  burned 
principally  for  seedbed  preparation  and  fuel  reduction  on  the  Coram 
Experimental  Forest.     The  objective  was  to  develop  a  model  for  pre- 
dicting" duff  reduction  (amount  and  percent)  and  mineral  soil  exposure 
(percent)  resulting  from  the  fires,  using  only  preburn  measurements 
for  inputs.     In  addition,  the  influence  of  the  fires  on  soil  heating,   soil 
water  content,  and  nonconiferous  root  mortality  was  quantified. 

Because  of  the  relatively  low  maximum  air  temperatures  and  high 
precipitation  on  the  study  area  during  August,  the  fuels  were  relatively 
moist  at  the  time  of  ignition.     As  a  result,  the  fires  generally  spread 
poorly,  especially  in  the  shelterwood,  except  where  the  fuels  were 
concentrated.     The  prescribed  fires  reduced  the  duff  an  average  of 
27  percent  in  the  clearcuts  and  11  percent  in  the  shelterwood.     Mineral 
soil  exposure  averaged  19  percent  in  the  clearcuts  and  10  percent  in 
the  shelterwood.     The  amount  of  water  within  the  upper  4  inches  (10.  2 
cm)  of  soil  was  not  changed  greatly,  there  was  no  significant  heating 
of  the  surface  soil  above  113°F  (45°C),  and  root  mortality  was  low. 

Multivariate  regression  analysis  was  used  to  derive  prediction 
equations  for  duff  reduction  and  mineral  soil  exposure.    However, 
because  of  extremely  poor  correlation  between  the  dependent  variables, 
duff  reduction  and  mineral  soil  exposure,  and  all  combinations  of  the 
independent  variables,  no  statistically  valid  equations  resulted.     The 
expected  correlation  between  duff  consumption  and  lower  duff  water 
content  was  not  evidenced.     This  was  attributed  to  the  high  water 
content  of  the  duff  itself,  which  averaged  nearly  150  percent  in  the 
three  blocks  studied.    These  results  substantiate  Shearer's  (1975) 
conclusions.     Broadcast  burning  for  seedbed  preparation  should  not 
be  attempted  in  this  forest  type  when  lower  duff  water  contents  exceed 
about  100  percent. 


INTRODUCTION 


Natural  seeding  is  normally  the  preferred  method  of  regenerating  conifers  in  the 
theiTi  Rocky  Mountains  (Schmidt  and  Shearer  1973).   Some  seedbed  preparation  is 
illy  necessary  for  successful  natural  regeneration.   Shade  intolerant  species  such 
vestern  larch  {Lai'^ix  ocaidentalis   Nutt.l  regenerate  best  on  bare  mineral  soil. 

In  nortliwestern  Montana,  broadcast  burning  for  seedbed  preparation  is  commonly 
:ticed  in  westeni  larch--Douglas-f ir  (Pseudotsiiga  menziesi-i   var.  glauaa    [Beissn.] 
ico)  stands.   Prescribed  fire  is  preferred  over  mechanical  scarification  because: 

it  normally  costs  less  (Boyd  and  Dcitschman  1969);  (2)  it  recycles  nutrients  back 
D  the  soil,  ultimately  resulting  in  increased  tree  growth  rates  (western  larch  trees 
to  13  years  old  grew  about  one-third  faster  on  broadcast  burned  areas  than  on  dozer 
rified  seedbeds  (Schmidt  1969);  and  (5)  it  is  usually  the  most  practical  method  for 
=   preparation  on  steep  slopes. 

The  amount  of  seedbed  preparation  desired  (or  achieved)  is  best  expressed  b)-  min- 
1  soil  exposure.  However,  no  conclusive  quantitative  data  on  the  spatial  distribu- 
1  of  mineral  soil  exposure  b)-  broadcast  burning  are  available.   Instead,  research 

generally  focused  on  measurements  of  duff  la\'er  consumption.   The  postfire  seedbed 
iition  can  be  more  meaningfully  expressed  by  an  estimate  of  both  duff  reduction  and 

spatial  distribution  of  exposed  mineral  soil.   Research  has  not  provided  adequate 
ies  for  managers  to  prescribe  fires  that  expose  a  specified  percent  of  mineral  soil. 
2thod  is  needed  to  simply  and  accurately  predict  the  cjuality  of  seedbed  preparation 
turning . 

The  study  reported  here  is  part  of  a  Research  and  Development  Program  evaluating 
amative  residue  utilization  and  disposal  treatments,  one  of  which  is  burning.   The 
5Ctive  of  this  study  was  to  develop  regression  equations,  using  only  preburn  measure- 
t  input,  for  both  duff  reduction  and  the  amount  of  mineral  soil  exposed  by  prescribed 
5  for  clearcut  and  shelterwood  silvicultiiral  systems.   The  prescription  goal  for  the 
5s  was  a  2-inch  reduction  of  the  duff  layer.   This  would  have  resulted  in  an  overall 
1  duff  depth  reduction  of  about  50  percent,  and  provided  the  minimum  30  percent  min- 
1  soil  exposure  desired.   Prescribed  conditions  deemed  necessary  to  achieve  tlie 
2Ctive  were  as  follows: 


3HELTERW00D  BLOCK 


mi:ge 


0-1  inch  (0-2.54  cm)  diameter 

dead  fuel  water  content 
Ujiper  duff  water  content 
Windspeed 
Air  temperature 
Relative  humidity 
Time  of  day 

CLEARCUT  BLOCKS 


16''o-18°. 

40°.-60''o 

0-5  mi/h  (0-S.05  km/h) 

70°F  (21.1°C)  or  less 

25''u  or  above;  steady  or  rising 

1400  or  later 

PANGE 


0-1  inch  (0-2.54  cm)  diameter 

dead  fuel  water  content 
Upper  duff  water  content 
Windspeed 

Relative  humiditv 


12';.-15''„ 

25°u-40°u 

0-10  mi/li    (16.09   km/h)  ; 
steady   to   diminishing 
25°o   or   above,    steady  or   rising 


In  addition,  the  influence  of  the  prescribed  fires  on  soil  heating,  soil  water  |n- 
tent,  and  root  mortality  of  nonconifers  was  estimated.  These  data  provided  an  estin|e 
of  the  amount  of  mineral  soil  exposed  and  a  forecast  of  early  vegetative  competitior I 


LITERATURE 


Research  on  duff  consumption  lias  been  related  to  either  duff  water  or  to  indicejl 
of  fire  danger  or  drought  (Artley  1976)  .  Because  measurements  of  physical  parameterlj 
(such  as  duff  water  content)  enhance  consistent  interpretation  over  time,  and  decreai 
the  chance  of  interpretive  error,  they  are  probably  more  useful  in  describing  duff  '| 
consumption. 

Duff  moisture  has  repeatedly  been  used  in  research  describing  and  predicting  duia 
reduction  by  fire.   Early  investigations  related  duff  reduction  to  a  subjective  esti:ij 
mate  of  duff  moisture  content  (Sweeny  and  Biswell  1961;  Morris  1966).   Later  attempt 
explained  duff  consumption  by  precisely  measuring  the  variables  thought  to  be  the  mo 
important  contributors.   For  example,  Hough  (1968)  and  Steele  and  Beaufait  (1969)  de.i'' 
mined  that  measurements  of  the  moisture  content  of  the  litter,  the  duff,  and  the  woO'i| 
fuel,  all  were  useful  in  predicting  duff  reduction.  More  recently,  emphasis  had  shi;|( 
to  the  use  of  multivariate  regression  analysis  and  correlation  analysis  in  order  to  | 
formulate  prediction  equations  for  duff  reduction.   Van  Wagner  (1972)  found  that  thcfj' 
best  predictor  of  duff  weight  consumed  by  fire  in  eastern  pine  stands  is  duff  moistur'i 
content  and  is  more  closely  related  to  duff  consumption  than  measurements  of  actual 
fire  behavior. 

Similar  results  have  been  reported  from  prescribed  fire  studies  in  three  differut 
areas  within  western  larch  forests  of  northwestern  Montana.   Duff  consumption  is  lin'it 
early  related  to  the  moisture  content  of  the  lower  half  of  the  duff  when  it  is  betweid 
the  range  of  approximately  40  to  110  percent  (Shearer  1975).   Steele  (1975)  attributii' 
duff  consumption  to  preburn  duff  depth,  duff  moisture  content,  and  the  weight  of  the 
woody  shrubs.   Norum  (1975,  1977)  concluded  that  duff  reduction  was  dependent  on  the 
factors  above  the  duff  which  most  influenced  fire  intensity  and  persistence,  in  addi- 
tion to  the  moisture  content  of  the  lower  duff.   Van  Wagner  (1965)  also  found  that 
mineral  soil  exposure  increased  as  fire  intensity  increased.   Similarly,  Beaufait  anc 
others  (1977)  showed  a  strong  relationship  between  the  water  loss  from  a  water  can 
analog  (Beaufait  1966;  George  1969)  and  duff  consumption.   In  addition,  they  conclude 
that  duff  reduction  by  fire  was  a  function  of  the  moisture  content  of  the  upper  half  : 
the  duff. 


STUDY  AREA  AND  TREATMENT 


The  study  was  conducted  on  the  7,460  acre  (3,019  ha)  Coram  Experimental  Forest, 
on  the  Flathead  National  Forest,  in  northwestern  Montana  (fig.  1).   The  study  sites 
are  located  below  the  main  ridge  facing  east  into  Abbot  Basin  (lat.  48°  25'  N. ,  long 
113°  59'  W.).   Six  blocks,  consisting  of  two  clearcuts  (14  and  17  acres;  5.7  and  6.9  i 
two  shelterwoods  (35  and  22  acres;  14.2  and  8.9  ha),  and  two  sets  of  eight  small  clea 
cuts  (average  0.8  acre;  0.3  ha,  range  from  0.3  to  1.4  acres;  0.1  and  0.6  ha),  were 


/  [jBROAnrAST  BURNED 

I    Sunburned 


CLEARCUT  -  13 


Hgure  1. — Loaation  of  cutting  blocks  in  Abbot  Basin,    Coram  Exi''cririental  Forest. 
Timber  liarvested  in  1974  and  broadcast  burned  in  Sept.    19 "5. 


Figure  2. — Pvesavihec 
broadcast  btaming  of 
clearaut  12  on  Coram 
Experimental  Forest. 
Only  half  of  each 
auttina  was  burned. 


le 


logged  in  1974,  .Each  block  was  further  divided  into  four  subblocks,  in  which  four 
different  standards  of  timber  and  residue  utilization  were  employed  (fig.  1).   Of  the 
four  subblocks,  only  No.  1  and  2  were  broadcast  burned  (fig.  2),  and  this  study  was 
limited  to  them.   A  description  of  the  two  utilization  standards  applied  to  the  burned 
subblocks  in  each  block  follows: 


Subblook 


Trees  Cut 


Utilization  Standard 


All  trees  except 
designated  overstory 
shelterwood  trees 


All  trees  except 
designated  overstory 
shelterwood  trees. 


All  material  (live  and  dead, 
standing  and  down)  to  3  inch 
(7.6  cm)  dia. ,  8  foot  (2.4  m) 
length,  and  1/3  sound  removed. 

Sawtimber  material  (live  and 
recently  dead)  to  1974  Forest 
Service  standards:  7  inch 
(17.8  cm)  d.b.h.  ,  8  foot  (2.4  m) 
length,  and  1/3  sound  removed. 


The  timber  type  on  the  study  area  is  larch--Douglas-fir  (Cover  T\'pe  212,  Society 
of  American  Foresters  1954).   This  type  is  composed  primarily  of  western  larch  and 
Douglas-fir.  Associated  species  include  subalpine  fir  {Abies   lasiocarva    [Hook.]  Nutt.) 


I  tngeimann  spruce  {t'lOt^a  engeLmarvm   I'arryj  .   i  ne  siuay  area  raiis  primarily  in  ine 
',es   lasiooarpa/Clintonia  uniflora   habitat  tyjie,  with  the  following  phases  represented 
ilia  nudicaulis ,  Menziesia  ferruginea,   Clintonia  uniflora,   and  Xerophyllmi  tenax 
"ister  and  others  1977;  Bernard  L.  Kovalchik  1974,  unpublished  data). 

The  topography  ranges  in  steepness  from  30  to  80  percent  (17°  to  39°),  while  the 
;vation  ranges  from  3,900  to  5,200  feet  (1,189  to  1,585  m)  m.s.l.   The  soils  on  the 
)pes  are  derived  from  impure  limestone  and  underlying  material  of  loamy-skeletal  soil 
[lilies  (Klages  and  others  1976)  . 


METHODS 


Before  logging,  10  permanent  points  were  systematically  located  at  100-foot  inter- 
.s  within  each  of  the  subblocks  in  the  clearcut  and  shelterwood  cuttings.   Five 
.nts  were  located  within  each  of  the  eight  small  clearcuts  at  variable  intervals 
)ending  on  size  of  the  opening.   All  plots  were  referenced  to  these  points. 

Duff  Reduction  and  Mineral  Soil  Exposure 

Fifty  4  by  4  ft  (1.2  by  1.2  m)  plots  were  randomly  located  in  each  subblock  (five 
'erenced  to  each  permanent  point) ,  of  the  shelterwood  and  clearcut  blocks  (none  were 
;ablished  in  the  small  clearcuts).   At  each  plot  the  following  preburn  measurements 
:e  taken  (fig.  3) . 

1.  Duff  depth  (not  including  the  litter  layer) 

2.  Mineral  soil  exposure  (percent  of  area) 

3.  Weight  per  unit  of  area  of  downed  woody  material  in  each  of  the  following 
size  classes  (Brown  1974): 

a.  0-0.25  inch  (0-0.64  cm)  diameter 

b.  0.25-1.00  inch  (0.64-2.54  cm)  diameter 

c.  1-3  inch  (2.54-7.62  cm)  diameter 

d.  Greater  than  3  inch  (7.62  cm)  diameter,  sound 

e.  Greater  than  3  inch  (7.62  cm)  diameter,  rotten. 

4.  Woody  shrub  weight  (Brown  1976) 

5.  Depth  of  down  woody  material 

6.  Slope 

7.  Aspect. 


Figrure   3. — Prebumed  slash  measurements  being  taken  on  cleavcut   23,   June  26,    1975.  { 

Note  relatively   light  fuel  volume.  i 

Approximately  1  hour  prior  to  the  ignition  of  each  fire,  samples  of  the  followingL;: 
material  were  gathered  at  each  of  the  permanent  points:  ! 

1.  Duff  (upper  and  lower  half  sampled  separately) 

2.  Downed  woody  material  in  the  0-0.25  inch  (0-0.64  cm)  and  0.25-1  inch 
(0.64-2.54  cm)  diameter  size  classes 

3.  Herbaceous  vegetation.  i 
Samples  were  weighed,  dried,  and  reweighed  to  determine  the  preburn  water  | 
content  of  each. 


After  the  fires,  the  plots  were  relocated  and  the  following  measurements  were 
taken: 

1.  Duff  depth 

2.  Mineral  soil  exposure  (percent  of  area) 

3.  Weight  per  unit  area  of  each  of  the  five  diameter  size  classes  of  downed 
woody  material 

4.  Depth  of  downed  woody  material. 

Fach  of  the  preburn  measurements  was  designed  as  a  potential  independent  variable 
for  a  regression  analysis  on  duff  reduction  and  mineral  soil  exposure. 


Soil  Water 

The  percent  of  water  (by  weight)  held  within  the  surface  inch  of  soil  was  estimated 
ravimetrical  ly  the  day  of,  and  the  morning  after  each  fire  nrar  the  20   pcnnaneiit  points. 
::  10  of  these  sampling  jwints  soil  water  was  also  estimated  witliin  the  1-  to  4-incli 
2. 34-   to  10.16-cm)  level.   The  results  indicated  the  amount  of  water  gained  through 
)ndensation  or  lost  by  vaporization  as  a  result  of  the  broadcast  fires. 

Soil  Heating 

The  maximum  temperature  within  the  upjier  6  inches  (15.2  cm)  of  soil  was  estimated 
,■   using  Tempilaq  (Tempil  Division,  Big  Three  Industries,  Inc.,  South  Plainfield,  N.J.). 
octangular  asbestos  strips  having  six  full-length  dejiressions  scored  on  both  sides 
;re  used.   Each  depression  was  filled  with  Tempilaq  of  a  different  melting  point  be- 
veen  113°F  (45°C)  and  500°F  (246°C) .   One  strip  was  referenced  to  each  of  the  20  pcr- 
ment  points  and  the  upper  edge  of  each  strip  was  positioned  along  the  soil -duff 
iterface. 

Root  Kill 

On  the  day  of  burning,  the  numbers  of  dead  and  living  roots  were  counted  at  the 
ime  10  locations  where  the  preburn  soil  water  samples  were  taken  down  to  the  0  to 
inch  (0  to  10.16  cm)  level.   This  consisted  of  exposing  a  vertical  face  of  soil 
)  inches  (25.4  cm)  wide  and  6  inches  (15,2  cm)  deep.   This  surface  was  sprayed  with 
rthotolidine  solution  (Shearer  1975)  that  indicated  which  roots  were  respiring 
living).   The  numbers  of  living  and  dead  roots  greater  than  0.05  inch  (0.13  cm)  in 
Lameter  at  this  interface  were  counted.   Living  and  dead  roots  were  counted  again 
50ut  2  weeks  after  burning,  near  the  point  where  the  postfire  soil  water  samples  were 
iken.   Both  the  numbers  of  dead  and  living  roots  were  recorded. 


RESULTS  AND  DISCUSSION 


Prescribed  Fires 

The  burning  was  accomplished  during  the  period  from  September  8  through  September 
5,  1975  (fig.  1  and  4).   No  block  was  burned  entirely  within  the  prescription  estab- 
ished  for  duff  reduction  and  mineral  soil  exposure  (see  p  1)  because  (1)  cool,  wet 
snditions  prevailed  for  several  weeks  prior  to  burning  preventing  drying  of  fuel,  and 
2)   burning  could  not  be  postponed  for  a  year  due  to  time  recjuirements  imposed  on  the 
iD  Program  to  complete  its  overall  research  objective.   Block  11  (shelterwood)  was 
3t  burned  because  both  the  preburn  fuel  and  the  duff  water  samples  were  above  pre- 
:ription  limits  (see  p.  2).   In  each  of  the  other  units,  preburn  sampling  indicated 
lat  the  0.0  to  1  inch  (0.0  to  2.54  cm)  diameter  fuels  were  within  prescription 
imits,  while  the  upper  duff  water  content  was  consistently  too  high  (table  1). 
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Figure  4. — Prescribed  broadcast  burning  of  the  sheltenoood  on  Coram  Experimental  Forest.  J^ 
Slash  and  duff  were  moist  as  indicated  by   little  flame  and  heavy  smoke. 


Table  l.--Prebum  water  content"^  of  woody  fuels,   duff,   and  herbaceous  vegetation. 


: 

0 

-1/4 

inch 

:   1/4 

-1  inch 

:  Upper 

:  Lower 

Herbaceous 

Block 

: 

d 

La.  fuels 

:   dia 

.  fu 

els 

:  duff 

:   duff 

vegetation 

— 



-Percent 

Shelterwood 

(21) 

17 

^21 

281 

148 

225 

Small  clearcuts 

(12) 

14 

15 

48 

86 

205 

Small  clearcuts 

(22) 

15 

14 

47 

111 

210 

Clearcut 

(13) 

15 

15 

298 

146 

241 

Clearcut 

(23) 

14 

14 

274 

164 

245 

^Mean  values  for  20  sample  points. 

^Above  prescription  limits  (lower  duff  and  herbaceous  vegetation  limits  were  not 


prescribed) 


Tal)le  2. --Mean  duff  reduction  imd  rrineral   coil  ea']>osurr  resiutinij  from  bumin-; 


:  Sample 

Mineral  soil 

Block 

:    No. 

exposure 

:  Di 

ff  ree 

uct 

i  on 

Duff  reduction 

Percent 

Inche 

o 

Percen.t 

Shelterwood 

^(21-1) 

AO 

7 

0.2 

5 

Shelterwood 

^(21-2) 

54 

13 

.5 

18 

Small  Clearcuts 

(12) 

20 

(2) 

1.1 

48 

Small  Clearcuts 

(221 

20 

(2) 

.8 

28 

Clearcut 

(15) 

91 

18 

.6 

27 

Clearcut 

(2  5) 

90 

20 

.7 

26 

^Shelterwood  subblock  mean  values  were  not  similar  enouph  statistically  to  allow 
the  subblocks  to  be  combined. 

No  data--mineral  soil  exposure  was  not  estimated. 


The  fires  did  not  spread  well  because  of  frequent  fuel  discontinuity,  especially 
in  subblock  1,  which  had  lighter  fuel.   Subblock  2  of  each  block  burned  more  completely 
and  evenly  as  a  result  of  heavier  fuel  loading.   However,  usually  only  the  fine  fuels 
and  litter  were  consumed.   Within  each  block  a  number  of  ])lots  did  not  burn,  and  these 
were  lost  for  analysis  (9  and  10  out  of  100  in  each  of  the  two  clearcuts,  and  2fa  of 
100  in  the  shelterwood). 

Duff  Reduction  and  flineral   Soil  Exposure 

Table  2  summarizes  the  mean  duff  dejith  reduction  and  mineral  soil  exposure  on  each 
subblock.   The  percentage  of  mineral  soil  exposed  ranged  from  a  high  of  20  percent  on 
clearcut  block  25  to  a  low  of  7  jiercent  on  shelterwood  subblock  21-1,  falling  short  of 
the  50  percent  minimum  prescribed.   Mean  duff  depth  reduction  was  less  than  0.8  inch 
(2.03  cm)  in  all  blocks,  amounting  to  a  reduction  of  approximately  25  percent.   The 
prescription  called  for  a  2-inch  (S. OS-cm)  reduction  to  provide  for  an  overall  mean 
duff  depth  reduction  of  about  50  percent.   Again  prescription  goals  were  not  met. 

These  results  are  primarily  attributed  to  the  high  water  content  of  the  duff  la>'er, 
especially  in  the  lower  half,   b'p'per  duff  water  content  was  above  prescription  limits 
in  both  the  clearcuts  and  the  shelterwood,  and  except  for  block  12,  lower  duff  water 
content  exceeded  100  percent  in  all  blocks. 

The  Rex--Fortran-4  com.puter  program  (Grosenbaugh  1967)  was  used  for  both  combina- 
torial screening  and  conventional  multivariate  regression  analysis.   Both  mineral  soil 
exposure  and  duff  reduction  were  tested  against  all  possible  combinations  of  independent 
variables,  up  to  and  including  sets  of  four.   In  all  cases,  P^  values  were  so  low  that 
no  relationships  were  indicated.   Various  transformations  and  combinations  of  variables 
were  also  tried  with  no  significant  improvements.   Therefore,  no  regression  equations 
are  presented. 

Duff  Water 

The  water  content  of  the  duff,  especially  of  the  lower  half,  has  been  rcjieatedly 
shown  to  be  a  major  influence  in  the  reduction  of  the  duff  layer  by  fire  (N'orum  1975, 
1977;  Shearer  1975;  Van  Wagner  1972).   However,  the  results  of  this  stud)'  show  no 
relationship  between  them,  because  of  the  magnitude  of  the  water  contents.   Shearer 
(1975),  working  in  the  same  forest  t>qie,  found  that  duff  reduction  in  percent  is  re- 
lated to  lower  duff  water,  only  when  the  latter  is  between  50  and  110  percent  (fig.  5). 


Figure  5. — Duff  reduotion 
related  to  the  water  content 
of  the   lender  half  of  the 
duff  layer   (from  Shearer 
1975). 
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(PERCENT  OVENDRY  WEIGHT) 


At  50  percent  water  content,  the  duff  layer  is  mostly  burned  off,  but  as  the  water 
content  increases,  a  decreasing  percentage  of  the  duff  layer  is  consumed.   Above  110 
percent,  however,  duff  reduction  drops  to  a  uniformly  low  amount. 

When  the  results  of  this  study  are  superimposed  on  Shearer's  curve,  it  is  not 
surprising  that  lower  duff  water  content  had  no  significant  correlation  to  duff  consump- 
tion.  In  the  clearcuts,  lower  duff  water  averaged  155  percent,  with  a  range  from  71  to 
275  percent.  The  shelterwood  averaged  148  percent  with  a  range  from  77  to  205  percent. 
The  range  of  the  subblock  mean  lower  duff  water  contents  (140  to  188  percent)  is  plotted 
on  figure  5  in  order  to  clearly  show  that  the  conditions  as  sampled  were  outside  of  the 
predictive  portion  of  the  curve. 

The  unusually  high  duff  moisture  resulted  from  the  high  precipitation  and  low 
temperature  on  the  Coram  Experimental  Forest  during  August  1975,  the  month  preceding 
the  fires.   During  that  month  there  was  a  total  of  4.07  inches  (10.34  cm)  of  precipita- 
tion, twice  the  normal  mean,  and  the  average  daily  maximum  temperature  was  66.9°F 
(19.3°C),  approximately  2°F  (1.2°C)  below  normal.   This  was  the  coldest  August  ever  re- 
corded at  the  Hungry  Horse  Dam,  and  the  third  wettest  since  records  were  started  in  1947. 

Soil  Water 

None  of  the  prescribed  fires  greatly  changed  the  amount  of  water  within  the  sur- 
face 4  inches  (10.16  cm)  of  soil;  within  the  upper  inch  (2.54  cm),  the  average  was 
27.1  percent  before,  and  was  26.8  percent  after  fires.   Of  the  398  samples  taken 
within  the  surface  inch  during  the  week  of  burning,  63  percent  contained  20  to  30  per- 
cent water,  while  15  percent  contained  less  than  20  percent  water  and  22  percent  con- 
tained greater  than  30  percent  water.   Nearly  half  of  the  samples  within  the  surface 
inch  increased  in  water  following  burning,  probably  indicating  a  ^one  of  condensation 
similar  to  that  described  by  Uggla  (1973). 

The  amount  of  water  within  the  surface  inch  of  soil  varied  significantly  by  cut- 
ting method.   The  average  amount  of  water  was  least  within  the  shelterwood  cutting, 
intermediate  within  the  small  clearcut  groups,  and  greatest  within  the  clearcuts.   In 
addition,  the  average  amount  of  water  increased  (but  not  significantly)  with  greater 
elevation  by  type  of  cutting. 
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The  surface  inch  of  soil  had  slightly,  Init  si  t;7ii  f  leant  ly,  higher  water  content 
under  heavier  concentrations  of  slash,  probably  because  of  less  evaporation  from  the 
soil  due  to  greater  shading.   Soil  water  averaged  28  percent  under  heav\'  slash  and 
26  percent  under  light  slasli. 

Soil  Temperatures 

Prescribed  fires  caused  little  heating  within  the  surface  soil  ftable  .S).   The 
clearcuts  and  groups  of  small  clearcuts  burned  more  completel)'  than  the  burned  shelter- 
wood  cutting.   Soil  heating  was  greatest  at  tlie  soil  surface  on  block  23  fup]->cr  clear- 
cut),  where  60  percent  of  the  sample  points  reached  at  least  113°F  f45°C)  ;  only  20 
percent  of  these  points  reached  138°F  (58.9°C1  (near  the  lethal  temperature  for  living 
plant  tissue).   The  greatest  depths  that  reached  113''F  (4S°C)  and  138°F  (58.9°C)  were 
2,4  inches  (6.10  cm)  and  1.4  inches  (3.56  cm),  respectively.   Rarely  did  the  surface 
soil  reach  200°F  (93,3°C) , 

Root  Mortality 

Low  soil  warming  associated  with  the  prescribed  fires  caused  low  root  mortalit)', 
even  within  the  surface  1  inch  of  soil  (table  4).   Least  root  mortality  occurred  under 
the  shelterwood  cutting  where  much  of  the  block  failed  to  burn.   Because  of  the  low 
root  mortality  near  the  surface,  recovery  of  perennial  plants  from  root  sprouts  was 
prolific  in  1976  on  all  burned  areas. 

Table   7> .- -Maximum  and  average  soil  depth   that  reached  or  exceeded.   tJiree   temperatures  as  estimated 
by  Tempilaq  melt  during  prescribed  fires,    September   1975,    Corajn  Expierimental   Forest 


Block 


Sheltei>'00d2  (ii) 

Shelterwood  (21) 

Small  Clearcuts  (12) 

Small  Clearcuts  (22) 

Clearcut  (13) 

Clearcut  (23) 


:    Sample 
:    points 

113°F 

138°F 

200°  [• 

:   burned  ' 

:   Max 

:  Ave  : 

Points 

:   Max 

:  Ave 

:  Points 

:   Max 

:  Ave 

Points 

Percent 

—Inc 

hes-- 

Percent 

—  Inc 

;es — 

Ferceyit 

—  In 

ches — 

Percent 

0 
50 
85 
85 
100 
90 

1.3 

1.4 

.0 

.8 

2.4 

0.1 
.0 
.3 

10 
45 
0 
55 
bO 

0.6 
.6 
.0 
.3 

1.4 

<0.1 
.1 
.0 

<  .1 

.1 

10 
20 
0 
15 
20 

0.0 

.0 
.0 

0.0 

■■    .1 

.0 

.  0 

<  .1 

0 
5 
0 
0 
5 

^Twenty  points  sampled  in  each  block. 
^Shelterwood  block  11  not  burned. 


Table  A .- -Mortality  of  nonx;onifer  roots    (percent)   in   the  sia^face 
inah  of  soil,   before  and  after  prescribed  burning,   by 
cutting  method.    Coram  Experimental  Forest   1975 


Cutting  method 


: Living  root? 


Before 


After 


Mortality 
(di  f ference) 


Shelterwood 

(11) 

90 

Shelterwood 

(21) 

82 

76 

Small  clearcuts 

(12) 

95 

69 

Small  clearcuts 

(22) 

88 

50 

Clearcut 

(13) 

80 

44 

Clearcut 

(2  3) 

92 

76 

'Not  burned. 

6 
26 
38 
36 
16 
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MANAGEMENT  APPLICATION 


The  broadcast  burning  of  moist  fuels  produces  large  variation  in  duff  depth  reduc- 
tion and  mineral  soil  exposure,  even  across  relatively  similar  areas.   Because  mean 
values  were  small,  standard  deviations  for  each  consistently  approached  the  means  in 
the  clearcut,  and  exceeded  them  in  the  shelterwoods.   Differences  in  variation  were 
found  to  be  primarily  within  each  block  rather  than  between  blocks.   In  addition,  the 
fires  failed  to  heat  or  to  dry  the  surface  soil  sufficiently  to  significantly  reduce 
the  root  sprouting  potential  of  competing  nonconiferous  species. 

The  hypothesis  that  the  high  water  content  of  the  duff  influenced  the  expected  re-  < 
lationships  is  strengthened  when  weather  patterns  for  the  area  are  examined.   Although 
August  1975  was  the  coldest  and  one  of  the  wettest  on  record,  this  combination  of  a  low 
temperature  with  heavy  precipitation  has  occurred  in  this  area  seven  times  in  the  past 
29  years.   Because  this  situation  occurs  about  one  year  out  of  four,  the  possibility 
of  extremely  wet  duff  conditions  should  be  considered  when  planning  September  fires. 

The  lack  of  correlation  between  lower  duff  water  content  and  percent  duff  re- 
duction substantiates  Shearer's  (1975)  and  Norum's  (1977)  conclusions.   Therefore,  with 
a  mean  lower  duff  water  content  of  greater  than  100  percent,  broadcast  burning  for  duff 
reduction  should  probably  not  be  attempted  in  this  forest  type. 

The  burned  areas  revegetated  quickly  in  1976  from  rhizomes,  root  crowns,  and  under- 
ground stems.   Growth  was  enhanced  by  the  large  supply  of  available  nutrients  released 
during  the  fires.   Trees  and  other  vegetation  relying  on  seed  for  regeneration  were  at 
a  competitive  disadvantage  because  of  the  density  of  plants  sprouting  from  underground 
parts.   Regeneration  of  shade-intolerant  conifers  will  be  difficult  because  of  gener- 
ally unfavorable  seedbed  conditions  and  intense  competition  for  light  and  water.   A  few 
western  larch  that  germinated  in  1975  survived  within  unbumed  areas  and  will  probably 
form  a  part  of  the  dominant  tree  canopy  within  a  few  years.   It  is  doubtful  that  many 
other  shade-intolerant  conifers  will  survive  this  competition.   Gradually  the  more 
shade-tolerant  subalpine  fir,  western  hemlock  (on  lower  slope  moist  sites) ,  and  Douglas- 
fir  (on  drier  sites)  will  establish  and  complete  a  new  stand.   Later  papers  will  discuss 
(1)  development  of  vegetation  (including  trees)  within  each  cutting  method  and  residue 
treatment,  and  (2)  effects  of  broadcast  fires  on  residual  trees. 
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RESEARCH  SUMMARY 

One  of  the  Rocky  Mountain  area's  major  problems  is  the  utilization 
of  insect-  and  disease-killed  timber.     More  and  more  of  these  trees  are 
being  harvested  as  a  part  of  green  timber  sales.    The  efficient  handling 
and  processing  of  this  material  depends  to  a  large  extent  on  its  moisture 
content. 

In  the  two  studies  reported  here,  the  moisture  content  of  lumber 
sawed  from  dead  western  white  pine  and  lodgepole  pine  logs  was  determined 
using  both  a  moisture  meter  and  the  ovendry  test  method.    In  both  studies 
the  moisture  content  of  lumber  from  dead  trees  was  about  half  that  reported 
for  green  lumber  of  the  same  species.     Test  sections  cut  from  a  sample  of 
the  boards  showed  that  the  dead  log  lumber  had  essentially  no  moisture 
gradient  and  only  a  slight  amount  of  drying  stress. 

This  information  indicates  the  kiln  drying  time  for  dead  log  lumber 
should  be  about  half  the  time  required  to  dry  green  lumber.    A  dry  kiln 
operator  can  determine  the  appropriate  drying  conditions  for  a  charge  of 
dead  lumber  by  measuring  its  moisture  content  with  a  moisture  meter. 


INTRODUCTION 


Within  recent  years,  disease  and  insects  have  killed  numerous  western  white  pine 
nus  monticola   Dougl.)  and  lodgepole  pine  {Pinus  oontorta   var.  latifolia   Engelm.) 
:es  in  the  timber  stands  of  Idaho  and  Montana.   Estimates  place  the  annual  mortality 
:all  softwood  species  in  these  two  States  at  about  350  million  cubic  feet  and  for 
litem  white  pine  alone  at  60  million  cubic  feet.   About  10  percent  of  the  dead  trees 
^salvaged  as  a  part  of  ongoing  timber  sales.   The  logs  from  these  trees  are  usually 
•cessed  with  green  logs  and  the  lumber  is  intermixed  for  drying  and  surfacing. 

I  This  practice  may  not  be  the  best  since  the  lumber  from  the  dead  trees  usually 
a  much  lower  moisture  content  than  the  lumber  made  from  green  logs.   With  ever- 

reasing  energy  costs,  the  present  procedure  is  uneconomical  with  longer  kiln  dwell 
le  than  is  necessary  for  the  lumber  from  the  dead  logs  and  excessive  degrade  of  this 

erial  by  overdrying. 

I  The  objective  of  this  study  was  to  determine  the  moisture  content,  before  drying, 
: lumber  made  from  dead  white  pine  and  lodgepole  pine  logs.   The  moisture  content  was 
Lsured  using  both  a  moisture  meter  and  the  standard  ovendry  test.   The  results  were 
ipared  to  determine  accuracy  and  consistency  between  the  two  methods.   Small  sections 
;  from  sample  lumber  were  tested  for  moisture  gradient  and  drying  stress.   In  addition, 
"ew  moisture  meter  readings  were  obtained  from  the  lodgepole  pine  studs  after  kiln 
dng.   This  information  was  used  to  evaluate  the  drying  methods  and  determine  if 
inges  would  be  desirable.   Each  of  the  study  species  was  processed  at  a  single  mill 
1  the  results  of  the  two  studies  are  discussed  separately. 


WESTERN  WHITE  PINE 


Methods 

A  sawmill  in  north  Idaho  was  selected  for  the  white  pine  study.   The  mill's  proce- 
:e  was  to  segregate  the  dead  tree  logs  in  the  mill  yard  and  when  a  sufficient  volume 
1  been  accumulated,  process  the  logs  in  1  or  2  days'  time.   The  mill,  equipped  with  a 
xular  saw,  cut  dead  logs  into  dimension  lumber,  primarily  2  by  4's  and  2  by  6's, 
;h  a  few  1  inch  sideboards  being  produced  as  well.   On  the  green  chain,  the  lumber, 
random  length,  was  box  piled  and  stickered  for  kiln  drying. 


Four  packages  of  lumber  were  selected  at  the  green  chain  for  study.   Three  of 
packages  were  2  by  4's  and  a  fourth  was  2  by  6's,  reflecting  the  approximate  proper- 
of  a  day's  production.  The  moisture  content  was  measured  with  a  resistance-type  me 
equipped  with  a  four-needle,  i/2-inch-long  probe.   Three  moisture  meter  readings  wei 
taken  from  each  board  in  the  sample  packages  approximately  2,  6,  and  10  feet  from  oi 
end.   Later  the  moisture  meter  readings  were  adjusted  for  temperature  and  an  averaged] 
reading  for  each  board  calculated.   In  addition,  a  subsample  containing  10  boards  fi 
package  No.  2,  9  boards  from  package  No.  3,  and  6  boards  from  package  No.  4  was  seleil 
at  random  for  destructive  sampling.   Package  No.  1  was  not  available  at  the  time  thii 
subsample  was  selected  so  packages  2  and  3  were  more  heavily  sampled  than  package  4 
make  up  for  this  deficiency. 

Four  pieces,  approximately  20  inches  long,  were  cut  from  each  of  the  subsample 
boards.  The  pieces  were  cut  2  and  6  feet  from  each  end  of  the  board.   These  pieces, 
identified   as  to  board,  were  placed  in  polyethylene  bags  and  carried  to  the  shop  wh 
three  sections  about  an  inch  long,  were  cut  from  near  the  center  of  each  piece  (fig. 

The  first  section  of  each  board,  which  we  labeled  the  A  sections,  was  left  inta 
and  used  to  determine  the  moisture  content  by  the  standard  ovendry  test.   The  B  sect; 
were  further  cut  into  shells  and  cores  (fig.  IB)  and  used  to  determine  the  moisture 
distribution  by  the  ovendry  method.   The  C  sections  were  sliced  into  four  prongs  (fi, 
IC)  and  placed  on  a  table  in  the  shop  where  they  were  permitted  to  dry  at  room  tempe:' 
ture .  These  drying  stress  sections  were  examined  periodically  to  determine  the  pres 
of  any  casehardening  or  reverse  casehardening. 


z:  ^  Id 
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Figure  1. — Schematic  showi'i 
how  board  pieces  and  sec- 
tions were  cut.      Section 
A,   B,    and  C  are  end  view.' 
A  is  moisture  content   se. 
tion^   B  is  moisture  dist:. 
bution  section,   and  C  is 
drying  strecs  section. 


Results  and  Discussion 

The  temperature-corrected  moisture  meter  readings  indicattd  that  the  average  mo i s 
ture  content  of  all  the  boards  in  the  four  packages  was  23.7  percent,  with  the  valuc-s 
ranging  from  15  to  31  percent  (table  1).   The  ranges  in  m.oisture  contents  for  tli 
ious  packages  show  that  the  values  were  fairly  consistent. 
;ontents  for  the  individual  packages  were  20.8, 


e  vaf- 
le  arerage  percent  moisture 
1,  26.7,  and  2.3.1,  respective])'. 


A  summary  of  the  moisture  content  and  moisture  distribution  sections  (A  and  P. 
specimens],  averaged  b>'  packages,  is  shown  in  tal)le  2.   These  values  show  that  tiu: 
difference  in  percent  moisture  content  between  the  shell  and  core  was  sligjit.   This  is 
as  expected- -tlie  boards  were  newl}-  sawed  and  liad  had  no  o]iportuni  t}'  to  dry.   Likewise 
the  difference  in  moisture  content  of  the  tliree  specimens  was  slight.   The  greatest 
difference  was  1.7  percent  for  package  No.  3. 


Table  1 . --Summary  of  the  moistia'e  meter  valves^   for  dimension 
lumber  produced  from  dead  western  white  pine   logs 


Package 

Size  of 
boards 

Number 
boards 

of 

Moisture 

content 
Maximuii 

of 

b 

oai 

^ds^ 

number 

M 

inimum    : 

Average 

-  - 

-  Perm 

t   - 

-  - 

1 

2 

3 
4 

2  by  4 
2  by  4 
2  by  4 
2  by  6 

204 
204 
192 
128 

15 
16 
18 
18 

50 

.30 
31 
28 

20.8 
25.1 
26.7 
25.1 

All 
packages 

728 

15 

31 

23.7 

^The  moisture  meter  readings  were  corrected  for  temperature. 

^The  average  of  at  least  three  moisture  meter  readings  taken  on  eacli  board  was 
used  for  the  moisture  content  of  that  board. 


Table  2 .  - -Summarj  of  actual  m^oistiwe  content    (ovcndry  method)   of  test 

sections  A   and  B  cut  from,   lumber  of  dead  westeryi  wTiite  piJie   lo[ 


Number  of 
boards 
in  subsample 

Size 

Average  moisture  content 

Package 

:     B  sections 

number 

A  sections  :    Sliell    :    Core 

10 
9 
6 


-  Fo 

rct 

mt   -   - 

2  bv  4 

26.3 

27.6 

27.3 

2  bv  4 

28.4 

27.9 

29.6 

2  by  6 

29.2 

30.3 

30.9 

For  package  No.  2,  the  average  moisture  content  derived  from  the  ovendry  test  was 
4.2  percent  higher  than  the  moisture  meter  average;  2.9  percent  higher  for  package  3; 
and  5.8  percent  higher  for  package  4.   These  increases  might  be  attributed  to  the  re- 
duced reliability  of  moisture  meter  readings  above  25  percent  and  the  fact  that  the 
meter  readings  were  not  corrected  for  species  (James  1975) .   A  relationship  between 
moisture  values  obtained  from  meter  readings  and  the  ovendry  method  is  discussed  under 
"Recommendat  ions . " 


The  drying  stress  sections  indicated  that  only  minor  stresses  were  present.   The 
prongs  on  61  of  these  specimens  remained  straight,  on  26  specimens  there  was  a  slight 
degree  of  casehardening  (prongs  turned  inward)  and  on  6  specimens  there  was  a  slight 
reverse  casehardening  (prongs  turned  outward)  (fig.  2).   The  turning  of  the  prongs  in- 
ward indicated  that  some  tension  set  had  developed  and  turning  of  the  prongs  outward 
would  occur  only  when  wood  below  30  percent  moisture  content  was  rewet .  | 

For  green  western  white  pine,  the  Wood  Handbook  (Forest  Products  Laboratory  1974) 
lists  values  of  62  and  148  percent  moisture  content  for  heartwood  and  sapwood,  respec- 
tively. The  average  moisture  content  by  oven  test  of  our  wettest  test  package  is 
about  half  of  the  moisture  content  value  for  green  heartwood;  so  a  drying  time  about 
half  as  long  should  be  expected.   The  low  moisture  content  should  also  enable  the  wood 
to  withstand  a  higher  initial  dry  bulb  temperature  than  could  be  used  with  green  wood. 
With  this  more  severe  drying  schedule,  the  initial  wet  bulb  depression  should  be  minima 
in  order  to  reduce  the  development  of  drying  stresses  (McMillen  1968) . 


IS  a 


Figure  2. — Photo  of  typical  drying  stress  sections  obtained  from  hoards  in  package 
No.  2,  4,  and  2.  The  center  figure  shows  casehardening;  the  figure  on  the  right 
shows  reverse  casehardening. 


For  the  mill  that  produces  a  quantity  of  dead  lumber,  some  experimentation  will 
irobabl)'  be  necessary  to  determine  the  optimum  drying  conditions.   The  white  jnne  study 
bill  was  equipped  with  a  high  temperature  kiln.   Tlie  mill  has  settled  on  the  practice 
)f  using  an  initial  dry  bulb  temperature  of  190"  F  with  a  wet  bulb  depression  of  30"'  F. 
)uring  the  winter  months  when  the  logs  and  lumber  are  higli  in  moisture  content  or  are 
frozen,  these  drying  conditions  are  maintained  for  24  hours.   During  the  summer  months, 
ind  especially  if  there  is  a  delay  between  piling  and  drying,  the  kiln  time  is  reduced 
:o  12  Iiours,  but  the  same  drying  conditions  are  used.   Whether  these  are  optimum  drying 
renditions  is  not  known,  but  the  mill  reports  no  planer  split  or  other  drying  degrade 
is  a  result  of  these  schedules. 


LODGEPOLE  PINE 


Methods 

The  second  study,  on  lodgepole  pine,  was  conducted  at  a  mill  in  southeastern  Idaho, 
'his  mill  obtains  most  of  its  logs  from  the  Targhee  National  Forest  which  has  been  the 
;ite  of  an  epidemic  infestation  by  the  mountain  pine  beetle,  Dendrootonus  ponderosae 
'Hopk.'J.   Over  the  past  two  decades,  this  insect  has  been  responsible  for  killing  an 
Estimated  2  billion  board  feet  of  lodgepole  pine  timber  on  this  Forest.   Some  of  this 
lead  timber  has  been  purchased  by  the  study  mill. 

The  mill  is  equipped  with  a  small  headrig  for  breaking  down  logs  over  14  inches  in 
liameter  and  a  quad-band  mill  for  sawing  logs  under  14  inches.   Edgers  are  used  to  cut 
:he  cants  into  2  by  4's.   Only  studs  and  a  few  1  by  4  sideboards  are  produced.   This 
.imited  number  of  products  eliminates  the  necessity  for  a  green  chain,  instead  the 
Lumber  is  stickered  and  piled  on  kiln  trucks  for  drying  at  the  back  end  of  the  mill. 

For  this  study  a  sufficient  number  of  dead  logs  were  processed  through  the  mill  to 
)roduce  two  kiln  trucks  of  studs.   The  logs  were  debarked,  cut  to  length,  and  fed  into 
:he  mill.   A  measuring  station  was  established  at  the  midpoint  of  the  chain  carrying 
:he  studs  to  the  stacker.   At  this  station,  the  moisture  content  of  a  random  sample  of 
:he  studs  was  determined  using  the  same  moisture  meter  used  in  the  earlier  study.   The 
speed  of  the  chain  and  the  desire  to  sample  as  many  studs  as  possible  precluded  the  use 
)f  all  the  meter  scales;  instead  only  the  12  to  22  percent  moisture  content  scale  was 
ised.   Those  studs  having  a  moisture  content  greater  than  22  percent  were  recorded  as 
laving  the  scale  maximum.   In  addition,  22  studs  were  pulled  from  the  chain  for  destruc- 
:ive  sampling.   At  the  completion  of  the  mill  run  a  2-foot-long  piece  was  cut  from  the 
;enter  of  these  studs  and  saved  for  later  preparation  of  test  sections. 

Three  test  sections,  approximately  1  inch  long  were  cut  from  near  the  center  of 
jach  piece  as  in  the  earlier  study  (fig.  1).   These  sections,  again  labeled  A,  B,  and 
Z,    were  used  for  determining  moisture  content,  moisture  distribution,  and  drying  stress. 

After  determining  their  moisture  content,  the  studs  were  piled  for  drying  in  the 
lutomatic  stacker.   The  two  kiln  trucks  of  dead  tree  studs  accumulated  during  the  study 
vere  identified  and  dried  in  a  single  kiln  charge  along  with  six  trucks  of  green  studs. 


The  regular  green  drying  schedule  was  used  to  dry  the  charge.   This  98-hour  schedule 
uses  an  initial  dry-bulb  temperature  of  160°  F,  a  final  temperature  of  180°  F,  and 
includes  two  3-hour  steaming  periods.   The  initial  wet-bulb  depression  was  10°  F,  and 
the  final  depression  was  90°  F. 

After  drying,  the  studs  were  surfaced  and  bundled  for  shipment.   The  moisture 
meter  was  used  to  obtain  a  sample  of  moisture  readings  as  the  studs  were  being  packaged 

Results  and  Discussion 

The  moisture  content  of  slightly  more  than  half  of  the  studs  (1,658  of  about 
3,050)  cut  from  dead  lodgepole  pine  logs  was  measured  with  a  moisture  meter  in  the 
sawmill.   One  reading  was  obtained  from  the  approximate  center  of  each  piece.   The 
average  of  these  meter  readings  was  16.5  percent.   However,  the  true  value  is  probably 
somewhat  higher  than  this  value  as  225  (approximately  14  percent)  of  the  readings  were 
above  20  percent  and  undoubtedly  some  of  these  values  exceeded  the  maximum  of  the  meter 
scale  used.   The  readings  were  not  corrected  for  temperature  or  species.   The  distribu-^ 
tion  of  the  readings  is  shown  in  figure  3. 
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Figure   3. — Distribution  of 
moisture  content  deter- 
minations made  on   lodge- 
pole  pine  studs  cut  from 
dead  trees. 
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Table  3 .  --['.ci3tia''e  content  of  tect  sectionc   /  /,■(../  B 
out  from  stii<ls  of  dead  lodjepole  rine   lops 


Sample   stud 

:      A   sections      : 

1 '    s  e  c  t 

i  Oi: 

s                ; 

V.'ei  rht  ed    averaij.e    for 

number 

Shell 

^  ;'~ 

Core      : 

stud^ 

Prv 

-■ipyit    -     -     -     - 

1 

16.7 

10.7 

1  0 .  5 

1 6 .  6 

-) 

19.3 

IS.  8 

18.6 

19.0 

5 

17.0 

18.  1 

17.1 

17.4 

4 

16.8 

15.9 

16.0 

16.4 

5 

25.1 

25.5 

26.5 

24.9 

6 

28.7 

26.7 

29.2 

28.2 

7 

18.6 

18.3 

19.  1 

18.6 

8 

25.7 

25.  S 

25.5 

24 .  0 

9 

52.5 

28.4 

52,7 

5 1 .  2 

10 

1  9 .  5 

18.2 

18.5 

1 S .  8 

11 

54  .  5 

50.2 

5  5 .  5 

5  2 .  9 

12 

4  5 .  7 

59 . 6 

50.8 

4  1.1 

15 

25.7 

21.5 

24.1 

25.  1 

14 

1  9 . 4 

19.1 

19.7 

19.4 

IS 

16.7 

15.5 

1 5 .  .s 

10.  1 

16 

20.9 

19.6 

20.8 

20.5 

17 

25.1 

24.4 

T-        ■> 

25.  5 

18 

IS.  7 

17.6 

17.6 

18.2 

19 

24  .  5 

25.2 

20.0 

24  .  5 

20 

15.6 

15,4 

14^6 

1  5 .  5 

21 

25.0 

22.0 

24  ,  6 

2  5 .  0 

■>    T 

2(..l 

24.6 

20.  7 

25.8 

MEAN 

25.1 

2  1  .  S 

25.0 

-)  ->       -t 

^Computed  by  multiplyinj;  the  shell  moisture  content  by  12,  the  core  moisture 
content  by  8,  and  tlie  average  moisture  content  (section  Ai  b>'  20.   The  sum  of  these 
values  uas  divided  bv  40. 


The  distribution  of  the  moisture  content  of  test  sections  A  and  B  (moisture 
content  and  moisture  di.stribution  specimens)  is  shown  in  talile  5.   The  average  moisture 
content  for  the  A  sections  was  25.1.   The  average  for  the  shells  of  the  B  sections  was 
21.8;  and  for  the  cores  25.0. 

Because  of  the  variation  in  the  lodgepole  ]")ine  test  sections  and  to  obtain  a  reli- 
able estimate  of  moisture  content,  a  weighted  average  moisture  content  was  com]-)uted. 
This  value  was  calculated  by  multiplying  the  sliell  moisture  content  by  12,  the  core 
moisture  content  b)-  8,  and  the  moisture  content  of  section  :\   b>'  20.   The  sum  of  these 
values  was  divided  by  40  to  obtain  the  w'eighted  average  moisture  content.   The  com]Uited 
values  for  the  sample  studs  ranged  from  15.3  to  41.1  ])ercent  and  12  of  the  22  average 
values  exceeded  20  percent  (table  3).   The  maximum  difference  between  the  shell  and 
core  was  4.3  percent,  and  the  average  difference  was  1.2  percent  moisture  content. 
Five  of  the  shells  had  a  slightly  higher  moisture  content  than  the  core.   This  is  con- 
trary to  expectation  and  indicates  some  reabsorption  of  moisture. 

Three  of  the  22  drying  stress  test  sections  showetl  a  slight  amount  of  caseliardeninc 
or  tension  set.   McMillen  (1968)  has  shown  that  tension  set  develops  from  the  start  of 
drying  and  often  reaches  a  maximum  above  30  ]iercent  average  moisture  content.   The 


uniformity  of  moisture  content  and  the  lack  of  tension  set  indicate  that  any  drying 
schedule  for  dead  tree  studs  should  not  have  too  large  an  initial  wet-bulb  depression 
in  order  to  minimize  the  development  of  drying  stresses. 

As  before,  the  moisture  content  values  obtained  from  the  moisture  meter  were  lower 
than  those  obtained  from  the  ovendry  tests.   This  discrepancy  is  probably  due  to  the 
single  meter  scale  used  and  the  number  of  readings  that  exceeded  the  scale  maximum. 
In  general,  the  results  of  both  the  moisture  meter  readings  and  the  ovendry  determina- 
tions show  that  the  moisture  content  of  the  studs  is  fairly  uniform  and  less  than  30 
percent.   This  uniformly  low  moisture  content  indicates  that  the  studs  obtained  from 
dead  trees  should  dry  in  about  half  the  time  required  for  studs  from  green  trees,  which 
have  an  average  heartwood  moisture  content  of  41  percent  and  a  sapwood  moisture  content 
of  120  percent  (Forest  Products  Laboratory  1974). 

After  the  dead  tree  studs  had  been  dried  and  surfaced,  the  moisture  content  of 
a  number  of  studs  was  remeasured  with  a  moisture  meter.   The  average  moisture  content 
of  these  studs  was  only  8.2  percent  and  the  maximum  value  was  21  percent  (fig.  4).   A 
large  percentage  of  the  studs  was  in  the  8  percent  or  lower  moisture  content  class  which 
suggests  that  when  a  small  amount  of  dry  material  is  included  in  a  charge  of  green 
material,  the  final  equilibrium  moisture  content  should  be  about  6.5  percent.   This 
would  be  especially  desirable  to  avoid  overdrying  in  wider  boards  subject  to  planer 
splitting. 
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Figure  4. — Distribution 
of  moisture  content 
determinations  made  on 
kiln-dried  lodgepole 
pine  studs  out  from 
dead  trees. 
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CONCLUSIONS 


These  studies  show  that  for  both  western  white  pine  and  lodgcpole  pine  tl~n;^  mois- 
ture content  of  lumber  made  from  dead  trees  is  about  half  the  moisture  content  of 
lumber  cut  from  green  trees.  The  average  moisture  meter  reading  obtained  from  four 
packages  of  western  white  pine  dimension  lumber  was  23.7  percent,  and  the  average 
moisture  content  obtained  from  a  subsample  of  this  material  by  the  ovendry  method  was 
28.8  percent.  The  average  moisture  meter  reading  for  the  lodgcpole  pine  studs  was 
16.5  percent,  and  the  weighted  average  moisture  content  based  on  ovendricd  test  sec- 
tions was  22.7  percent.  The  difference  in  the  moisture  meter  readings  and  ovendry 
test  results  can  be  attributed  to  (1)  the  reduced  reliability  of  moisture  meter  read- 
ings above  25  percent;  f2)  the  fact  that  the  meter  readings  were  not  always  adjusted 
for  temperature  or  species;  and  (3)  the  number  of  readings  that  exceeded  the  scale 
maximum  in  the  lodgcpole  pine  study  but  were  recorded  as  tlie  scale  maximum. 

The  moisture  distribution  specimens  showed  there  was  only  a  slight  moisture 
gradient  in  the  dead  tree  lumber.   The  average  difference  between  the  shell  and  the 
core  was  less  than  2  percent  moisture  content  for  both  species.   Also,  neither  the 
dead  white  pine  nor  the  dead  iodgepole  pine  lumber  had  any  significant  amount  of  drying 
stress.   Out  of  93  white  pine  test  sections,  61  remained  straight,  26  showed  some  case- 
hardening,  and  6  showed  some  reverse  casehardening .   Of  the  22  Iodgepole  pine  test 
sections,  19  remained  straight,  and  3  showed  a  small  amount  of  casehardening. 

As  a  result  of  the  relatively  low  moisture  content,  absence  of  dr)'ing  stresses, 
and  low  moisture  gradient,  the  drying  schedule  used  to  dry  lumber  from  dead  trees 
should  be  about  half  the  time  required  to  dry  green  tree  lumber.   These  schedules  could 
use  higher  initial  drying  tem])eratures .   Avoiding  excessive  drying  will  reduce  energy- 
costs  as  well  as  prevent  degrading  of  material  by  overdrying. 


RECOMMENDATIONS 


It  is  impossible  to  make  hard  and  fast  rules  for  drying  lumber  from  dead  trees 
because  of  the  variability  in  trees  from  different  areas  and  in  milling  equipment  and 
procedures.   Furthermore,  if  only  an  occasional  dead  log  is  milled,  the  present  prac- 
tice of  mixing  the  dead  with  green  lumber  and  using  the  green  lumber  drying  schedule 
is  satisfactory.   But  if  a  sufficient  quantity  of  dead  lumber  is  produced  to  justify 
the  sorting  and  use  of  a  special  drying  schedule,  greater  efficiency  will  result.   For 
the  mill  that  does  produce  a  quantity  of  dead  lumber,  some  experimentation  will  prob- 
ably be  necessary  to  determine  the  optimum  drying  conditions.   The  study  results  re- 
ported in  this  paper  indicate  that  the  drying  time  could  and  should  be  reduced  by  at 
least  50  percent  (based  on  the  moisture  content  of  the  dead  lumber) . 


We  suggest  that  the  kiln  operator  determine  the  initial  average  moisture  content 
of  a  kiln  charge  by  testing  20  to  50  boards,  selected  at  random,  with  both  moisture 
meter  and  the  ovendry  test  raethod.   These  data  can  then  be  used  to  prepare  a  graph 
relating  the  moisture  meter  value  to  the  oven  test  values  [fig-  5).   Thereafter,  only 
moisture  meter  readings  will  be  needed  to  determine  the  true  average  moisture  content 
of  the  charge. 

When  a  charge  of  dead  lumber  is  ready  to  be  kiln  dried,  the  kiln  operator  should 
measure  the  moisture  content  of  50  to  100  boards  in  the  charge  with  a  moisture  meter. 
Using  the  average  of  these  readings  he  can  determine  the  true  average  moisture  content 
from  the  graph  and  then  select  the  initial  drying  conditions  by  referring  to  the  guides 
contained  in  the  Dry  Kiln  Operator's  Handbook  (Rasmussen  1961)  for  that  particular 
species,  thickness,  and  grade  of  lumber.   By  taking  postdrying  moisture  meter  readings 
and  evaluating  the  quality  of  the  dried,  surfaced  lumber,  the  kiln  operator  can  deter- 
mine if  an>'  further  changes  in  the  drying  schedule  are  desirable. 


Figure  5. — Rela- 
tionship between 
moisture  meter 
readings  and  true 
moisture  content 
as  determined  by 
ovendry  method. 
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RESEARCH  SUMMARY 

Hydrologic  impacts  of  grass-forb  to  aspen  to  conifer  succession  in  the  Rocky 
Mountain  area  are  simulated  by  means  of  a  fundamental  model.     Model  algorithms 
representing  hydrologic  processes  are  sensitive  to  vegetational  changes  within  the 
subalpine  vegetation  zone.    Reductions  in  water  yield  are  predicted  as  the    vegeta- 
tion on  a  small  Utah  watershed  proceeds  from  a  grass-forb  type  to  aspen  to 
conifers.    Streamflow  changes  are  largely  attributable  to  an  interaction  between 
seasonal  consumption  for  each  vegetation  type  and  the  influence  of  vegetation 
type  on  snowpack.     The  model  synthesizes  present  understanding  and  provides 
a  framework  for  future  watershed  research. 


INTRODUCTION 


Forests  of  quaking  aspen  {Populus    tremuloirles   Michx.)  are  considered  to  be  jiredom- 
inantly  subclimax  plant  communities  in  the  Rocky  Mountain  Region  (Mucggler  1976;  Bartos 
1975).   Mature  aspen  forests  are  most  often  replaced  b>'  evergreen  conifers  {Abies   spp. , 
Vicea   spp.,  Pseudotsiiga   spp.,  or  Pinus   spji.)  unless  some  form  of  major  disturbance  occui-s 
such  as  fire,  disease,  or  clearcutting.   When  an  overstory  is  thus  destroyed,  jirolific 
root  sprouting  of  aspen  generally  is  initiated  and  as])en  regains  dominance  on  the  site. 
In  many  areas  where  natural  fires  have  been  curtailed  and  logging  has  not  occurred, 
former  aspen  stands  are  now  dominated  by  coniferous  species.   More  than  4.1  million 
acres  of  commercial  aspen  forests  (Green  and  Sctzer  1974),  and  possibl\'  an  additional 
1.5  million  acres  of  noncommercial  aspen  lands,  exist  in  the  Rocky  Mountains.   Resource 
managers  are  concerned  that  succession  of  sizable  portions  of  tliese  forests  to  conifers 
ivill  have  adverse  impacts  on  tlie  water,  wildlife  habitat,  and  livestock  forage  values 
Df  the  aspen  tvpe. 

Because  water  is  a  critical  resource  in  the  West,  it  is  imperative  that  we  accu- 
rately assess  the  impact  that  succession  from  aspen-to-conifer  may  have  on  water  yield. 
The  concept  of  ecosystem  hydrology  assumes  complex  interactions  between  tlie  ccos)'stem 
and  the  hydrologic  cycle,  and  that  a  change  in  one  component  sliould  effect  a  change  in 
the  other  (Huff  19711.   With  regard  to  transpiration,  for  example,  Satterlund  (1972) 
cited  several  studies  that  suggest  "...the  ecological  principle  that  vegetation  replace- 
Tient  by  better-adapted  species  will  continue  until  all  favorable  niches  are  occupied...." 
rle  concluded  that  "...it  appears  likely  that  maximum  rates  and  amounts  of  transpiration 
during  the  drying  cycle  occur  under  climax  vegetation." 

It  has  been  shown  that  western  aspen  may  be  expected  to  transpire  3  to  4  inches 
Tiore  water  from  a  6-foot  soil  profile  than  a  gi'ass-forb  community  on  a  comparable  site 
(Johnston  1969).   Douglass  (1967)  stated  that  many  forest  hydrologists  believe  well- 
stocked  forests  use  the  same  amount  of  water  regardless  of  tree  species  when  end-of- 
season  soil  moisture  deficits  are  examined.   However,  he  pointed  out  that  ]iattcrns  of 
soil  moisture  depletion  for  hardwoods  and  for  conifers  are  quite  different.   Because 
hardwoods  begin  transpiring  later  in  tlie  growing  season  thaii  conifers,  more  water  may 
drain  through  hardwood  soil  profiles  early  in  the  season.   Thus  equal  soil  moisture 
deficits  under  hardwoods  and  conifers  may  not  represent  equal  amounts  of  transpiration, 
drie  (1967)  studied  the  net  ground  water  recharge  under  hardwood  and  conifer  stands  in 
^'linnesota.   He  found  that  the  net  annual  water  yield  to  ground  water  reservoirs  from 
hardwoods  exceeded  conifers  by  2.6  inches.   This  difference  was  associated  with  a  greater 
snowpack  under  hardwoods  and  a  longer  transpiration  season  for  conifers.   He  found  tliat 
when  transpiration  and  ground  water  recharge  were  combined,  the  conifers  consumed  S.7 
inches  more  water  than  hardwoods  on  comparable  sites. 

In  a  Colorado  study,  Dunford  and  Niederhof  (1944)  concluded  that,  from  llic  stand- 
point of  net  water  available  for  streamflow,  aspen  is  jirobably  superior  to  conifers. 
A  most  meaningful  insight  to  this  problem  was  provided  by  Swank  and  Houglass  (1974)  who 
observed  a  20  percent  reduction  in  streamflow  25  years  after  a  hardwood  stand  in  North 


tlarolina  was  converted  to  pine.   Such  a  study  is  needed  in  the  West  to  more  accurately 
define  the  actual  changes  in  watershed  hydrology  where  aspen-conifer  succession  is 
occurring.   In  the  absence  of  such  research,  a  watershed  hydrologic  model  based  on 
recoonized  hwlrologic  processes  and  utilizing  appropriate  data  from  past  studies  and 
modern  computer  technology  may  provide  useful  insights.   Such  a  hydrologic  model  may 
be  of  particular  value  in  identifying  critical  research  needs. 

'i 
A  major  purpose  of  hydrologic  simulation  modeling  is  to  realistically  and  pre- 
cisely represent  a  sx'stem  (a  series  of  processes)  with  a  network  of  mathematical 
expressions  (Rile\'  and  Hawkins  1975).   Models  are  comprised  of  coefficients,  structure 
and  initial  conditions  that  interact  to  manipulate  each  piece  of  input  data  to  produce 
a  desired  output.   Before  a  model  can  be  deemed  acceptable,  it  must  be  properly  iden- 
tified and  formulated,  calibrated  to  mimic  observed  system  behavior,  and  verified 
through  repeated  testing.   Simulation  models  integrate  the  effects  of  a  variety  of 
subprocesses  in  order  to  provide  for  maximum  utilization  of  a  given  information  base 
in  terms  of  predictive  capability  of  system  performance  (Riley  and  Hawkins  1975). 

The  purpose  of  this  stud)'  is  to  formulate  a  structural  watershed  hydrologic  model 
tliat  will  integrate  available  knowledge  relevant  to  the  hydrologic  impacts  of  aspen  to 
conifer  succession.   Although  Leaf  and  Brink  (1975)  have  written  a  rather  sophisticatec 
subalpinc  hydrology  model,  a  fundamental  model  sensitive  to  aspects  of  the  hydrologic 
cycle  that  ma\'  be  influenced  by  vegetation  changes  would  be  useful.   The  model  describef 
in  this  report  begins  to  satisfy  that  need. 


DEVELOPMENT  OF  ASPCON 


The  model  describing  the  hydrology  of  aspen  to  conifer  succession  (ASPCON)  consistt 
of  a  series  of  moisture  storage  compartments  connected  by  transfer  equations  that  sys- 
tematically deal  with  each  set  of  input  data  (fig.  1).   As  moisture  enters  and  interact" 
with  a  watershed,  a  certain  amount  is  lost  to  the  atmosphere  via  evapotranspiration, 
while  the  remainder  may  become  streamflow  or  percolate  deep  into  the  soil. 

Obviously  ASPCON  can  only  be  as  valid  as  the  assumptions  that  were  made  as  the 
model  was  constructed.   Literature  pertaining  to  hydrologic  behavior  of  grass-forb, 
aspen,  and  conifer  ecosystems  was  carefully  reviewed;  only  key  references  are  cited. 
The  model's  transfer  equations  were  derived  from  research  findings  that  varied  widely 
in  location  and  purpose  and,  therefore,  often  were  not  directly  applicable.   Consequen- 
tly, many  water  movement  equations  must  be  considered  educated  guesses.   This  lack  of 
information  points  out  the  need  for  definitive  research  that  directly  relates  to  the 
critical  h}'drologic  problems  associated  with  aspen-conifer  succession. 

ASPCON  is  a  deterministic,  lumped-parameter  model.   The  watershed  is  treated  as 
a  single  series  moisture  storage  "tank."  Model  coefficients  related  to  watershed  char- 
acteristics represent  averaged  values.   The  model  calculates  weekly  water  budgets 
throughout  1  water-year  (Oct.  1  to  Sept.  30).   System  input  includes  only  precipitation 
and  average  weekly  air  temperature.   The  transfer  functions  for  moisture  routing  within 
the  watershed  are  described  below  in  the  sequence  of  ASPCON 's  algorithmic  logic. 
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Figure   1. — Flowchart  for   the  suooession  hijdrolojij  model    (AOPCON). 
(Numbers  in  parentheses  refer  to  def initio?!  <jiiwyi  in  text. ) 


TRANSFER  FUNCTIONS 


1.  Calculation  of  initial  ground  water  level  (GWL,  inl  from  baseflow.   At  the 
beginning  of  the  water-year  (Oct.  1)  average  streamflow  for  the  last  rainless  week  of 
September  is  used  to  define  the  initial  GWL.   Initial  GWL  is  the  quotient  of  stream 
baseflow  (inl  divided  b>'  a  ground  water  recession  coefficient  (AGW,  in/in). 

2.  Channel  interception  (QCHP,  in).   The  amount  of  moisture  falling  directly  int 
the  stream  channel  is  defined  as  the  fraction  of  the  total  watershed  area  consisting  c 
surface  water  or  saturated  streambanks  (ACHP ,  in/in)  multiplied  by  the  precipitation 
input.   The  value  for  ACHP  may  be  determined  from  an  areal  map  of  a  watershed. 

3.  Precipitation  type.   Form  of  precipitation  is  determined  by  using  a  routine 
similar  to  the  model  developed  by  the  Army  Corps  of  Engineers  (1956): 

If  TEMP  <  TMIN,  RP  -  0.0 
If  TEMP  >  TMAX,  RP  =  1.0 
If  TMIN  <^  TEMP  <_  TMAX, 

RP  =  (TEMP  -  TMIN)/ (TMAX  -  TMIN) 

where:  TEMP  is  mean  weekly  air  temperature  (°F)  ,  TMIN  is  a  critical  minimum  temperatu... 
below  which  all  precipitation  is  snow,  TMAX  is  a  critical  maximum  temperature,  above  '■„, 
which  all  precipitation  is  rain,  and  RP  is  the  fraction  of  input  moisture  that  falls  ''' 
as  rain. 

4.  Rainfall  interception  loss  (RINT,  in).   Vegetative  canopies  are  known  to  inte ; . 
cept  and  retain  a  fraction  of  rainfall  that  is  ultimately  evaporated  back  to  the  atmos L 
phere.   The  amount  of  rainfall  greatly  influences  the  amount  of  net  moisture  (moisture  ijL 
entering  the  soil)  for  individual  storms;  estimates  of  yearly  interception  losses  are 
follows:  grass-forb,  9  percent;  aspen,  12  percent;  and  conifer,  20  percent  (Helvey  197 
Johnston  1971;  and  Verry  1976).   The  fraction  of  moisture  received  as  rainfall  that  ma 
be  considered  interception  loss  is  assumed  to  be  an  average,  weighted  by  areal  cover  o 
each  vegetation  type,  of  tliree  rainfall  interception  storage  coefficients  (GSTR,  ASTR, 
and  CSTR,  in/in) . 

5.  Snowfall  interception  loss  (SINT,  in).   Researchers  have  many  different  opin- 
ions about  moisture  loss  from  intercepted  snow  in  coniferous  canopies  (Satterlund  and 
Haupt  1970;  Miller  1962).   Estimates  of  the  magnitude  of  such  losses  generally  range 
between  6  and  10  percent  of  total  snowfall  (Anderson  1969).   The  amount  of  snowfall 
interception  loss  from  leafless  aspen  is  assumed  to  be  relatively  minor.   The  fraction 
of  snowfall  that  becomes  interception  loss  is  defined  in  ASPCON  simply  as  the  weighted 
average  of  two  interception  loss  coefficients,  SNA  (aspen)  and  SNG  (conifer) ,  with     i 
respective  values  of  0.01  and  0.07  in/in.   The  interception  loss  of  snow  by  the  grass- 
forb  type  is  assumed  to  be  zero.  L 


Numbers  correspond  to  the  items  presented  in  figure  1. 


veuet 

at  i  Vf    canoiii  os    i  ii  fl  nciicc 

Thios 

107:;    Imnford    ami 

s    i  11 

the    inoi_k'l    art-    aeciiiiiii  1  a t  ed 

t  ion 

i  s    assuiiu-'d    t  (1    he    a    f  i  ae  t  i 

m 

t    in 

(irass-feirh    areas,     !()()    pei" 

- 

This 

aiiproach    is    simple   }'ct 

watcrsliL'd    tli.it    is   consistent 

b.  Snowpack  evaporation  ('SV/\P,  in).  |)ot\'  and  Johnston  (  I'jo'.)  )  fouud  ev 
sses  from  snovvpacks  in  winter  as  follows:  open  t;round,  O.OS  in/iii,  nndcM-  a 
/in,  and  under  conifers,  0.026  in/in.   /\  weighted  average  of  thfce  snowpac 

;ve  loss  coefficients.  GSV,  ASV,  and  CSV,  is  assumed  to  he  the  fracrioii  of 

;!at  is  evaporated  during  the  year. 

7.  Snownack  accumulation.  Research  sutiecsts  that 
;owpack  m  western  watersheds  ((^arv  and  ('oltharo  P.)07; 
(jederhof  1944;  and  Meiman  1970).   Accord  iiui  1\' ,  snowpack 

f ferent  ]  \'  for  eacli  vegetative  tvpe.   Snowpack  accurmila 
total  net  snowfall  for  each  communit\'  tvpe  (99  percen 
•!nt  in  asi^en  areas,  and  95  percent  in  conifer  areas). 
es  provide  for  a  redistribution  of  snowfall  within  the 
th  field  observations. 

8.  Snowpack  melt.  dust  as  sncjwpack  accumulation  iiatterns  var\'  hetw 
ver  tviies,  the  timing  and  rate  of  snow^elt  ma\'  also  be  expected  to  chaii'j 
on  of  vegetative  succession.  Snowpacl;  ablation  ma\'  be  e.xpccted  to  k)Cijin 
en  area  and  last  in  a  coniferous  forest.  Snownielt  rates  should  be  about 
r  open  and  aspen  areas  but  sign!  f  icant  1\'  slower  for  coniferous  t\'pes  (111 
derer  and  otliers  1972).   Snowmelt  in  ASPCON  is  indexed  hv   mean  weeklx'  ai 

a  manner  similar  to  the  Armv  Corps  of  laigineers  (1900)  model.  figure  2 
r  each  vegetative  tviie,  the  amount  of  snowmelt  is  a  function  of  a  melt  r 
ent  ,  CMC.  AMC ,  and  CMC  (in/°l-  wk  )  ,  and  a  base  temiierature  coefficent,  CB 
d  CBASE  (°F),  for  grass-forb,  aspen,  and  conifers,  as  well  as  mean  weekl 
F). 
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9.   Channel  inflow  from  snowmelt  fOMCIl,  in).   Part  of  each  increment  of  snowmelt 
IV  be  expected  to  occur  on  saturated  soil  adiacent  to  stream  channels  and,  therefore 
)  readily  enter  the  stream  cliannel.   Tlie  fraction  of  snowmelt  thus  contributing  to 
;ream.flow  is  equivalent  to  the  product  of  tlie  amount  of  snowmielt  and  a  melt  inflow 
lefficient  (TMCH,  in/in).   TMCH  functions  similar  to  ACHP  and  ma\-  be  estimated  from 
1  areal  map  of  a  watershed. 

10.   Active  moisture  input.   Ihe  term  "active  moisture"  is  defined  as  tlie  sum  of 
;t  weekly  rainfall  and  snowmelt.   Active  moisture  is  capable  of  entr\'  into  the  soil 
'Stem  (depicted  as  the  large  "tank"  in  fig.  1)  for  subsequent  evapotranspirat ion , 
■ep  percolation,  or  direct  contribution  to  streamflow. 


gure  2. — Snowmelt 
functions  for  the 
gvass-forh,   aspen 
and  conifer 
vegetation  types. 
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11.  Overland  flow  when  infiltration  rate  is  exceeded  (QXS ,  QOF,  in).   The  model 
provides  for  calculating  overland  runoff  when  active  moisture  input  exceeds  infiltrati 
capacity  (FI,  in/wk) .   This  condition  may  occur  when  the  soil  is  below  saturation  (QXS 
a  rare  occurrence  on  subalpine  watersheds)  or  when  the  soil  is  saturated  (QOF,  which 
occurs  primarily  during  the  spring  snowmelt  season).   Because  the  model  is  incremented 
on  weekly  intervals,  QXS  cannot  be  estimated  accurately.   Consequently,  the  infiltrati 
capacity  is  set  at  a  sufficiently  large  value  to  preclude  any  QXS.   The  model  may  be 
set  for  any  desired  increment  period,  which  could  make  QXS  a  more  important  hydrologic 
factor. 

12.  Transpiration  (TRAN,  in).   The  model  treats  evaporation  of  water  via  plant 
stomates  (transpiration)  and  evaporation  of  moisture  from  the  surface  soil  as  two  dis- 
tinct processes.   To  reflect  the  differences  between  grass-forb,  aspen,  and  conifer 
communities  that  are  suspected  to  influence  TRAN,  the  following  relationship  is  assume'* 

TR.A.N  -   f  (potential  evapotranspiration,  seasonal  plant  activity,  plant  rooting 
depth,  community  crop  coefficient). 

a.  Potential  evapotranspiration  (PET,  in)  is  calculated  according  to  the  model 
described  by  Blaney  and  Criddle  (1962) . 

b.  Plant  activity  index  (PAI).   Although  aspen  and  conifers  have  been  shown  to 
be  comparable  in  terms  of  end-of-season  soil  profile  moisture  content  (Brown  and 
Thompson  1965),  there  is  little  direct  research  that  describes  relative  year-round- 
consumption  patterns.   Several  researchers  have  found  that  conifers  may  actively  trans s 
pire  water  at  times  of  the  year  when  deciduous  tree  species  are  dormant  (Swanson  1967; 
Owston  and  others  1972;  Smith  1975;  and  Urie  1959).   Accordingly,  a  plant  activity 
index  (PAI,  fig.  3)  is  defined  as  that  fraction  of  peak  activity  that  a  plant  communiti' 
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Figure   3. — Plant  activity  index  for  the  grass-forb^   aspen^    and  conifer  types. 
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jy   rcacli  when  water  i.s  not  limiting  growth.   Tlic  PAI  is  thus  defined  to  reflect  the 
eek-to-wcck  influence  of  da\'  length  and  soil  tem]ierature  on  a  jil  ant's  ahilit>'  to 
ranspire  water. 

A  correction  is  ajiplied  to  PHT  to  account  for  the  effects  :>f  limiting  soil  iiioi<tufe 
[1  transpiration.   The  relationslup  outlined  in  figure  4  adjusts  PIT  according  to  tin- 
allowing  rule:  PliT'  =  PI:T  ■•  (SM-PWP ) /AlVIl  wliere:  SM  is  volumetric  soil  moisture  content 
in),  PWP  is  water  content  at  ]"icrmanent  wilting  ]UTint  (in),  and  \1VH  is  one-half  of  the 
rofile's  availahle  water  or  the  difference  between  the  water  content  at  field  capacit)' 
FC ,  inl  and  PWP.   The  adjustment  of  P1:T  for  limiting  soil  moisture  is  made  according 
3  a  model  b\'  Hanks  ('197bl,  which  is  similar  to  the  apjiroach  taken  h\'  kcaf  and  Brink 
1975). 


c.  Plant  rooting  depth  (RDP).   i'he  capacit}'  of  different  plant  coi;miun  i  t  i  es  to 
:cupy  the  root  zone  and  the  differences  in  mean  soil  de]iths  for  different  watersheds 

re  reflected  in  a  plant  rooting  dcjith  coefficient.   The  RDP  is  tiefined  as  that  fi-action 
f  the  total  available  rooting  zone  in  the  soil  profile  that  contains  90  jTercent  of  all 
ive  plant  roots. 

d.  Commimity  crop  coefficient  (("CI.   The  crop  coefficient  is  included  in  the  model 
3  reflect  differences  in  consumptive  use  rates  of  water  b\-  diffei'ent  vegetation  t\pes 
:"ien  all  other  factors  are  held  constant.   The  grass-forb  communit)'  is  gi\'en  the  \alue 

f  0.9.   Although  forested  communities  ma\'  be  exjiected  to  transpire  greater  amouiil  s  of 
3ter  than  nonforested  areas,  it  is  questionable  whether  crop  coet"f  i  c  i  ent  s  foi-  asjien  and 
oniferous  forests  should  be  different.   Ihilike  coTiiferous  forests,  aspen  forests  geir 
rally  have  a  highly  ])roductivc  unde^'story  which  contributes  to  transpiration  losses. 
coniferous  forests  have  a  larger  leaf  area  index  and  increasetl  (|uantit>'  ei 

As  a  result  of  tin 
tions,  the  crop  coefficients  for  asper 


owever , 

bovegroiuid  biomass  than  do  as]ien  forests 

n  and  conifer  t\'pes  are  set  at  1.2.5 


abo\'e  mediating  considi-r- 


Watershed  transpiration  loss  is  weighted  according  to  areal  vegetation  compositimi 
nd  is  calculated  as  the  product  of  PkT',  PAI,  RDP,  and  C.C   values. 


13.  Evaporation  of  rainfall  from  surface  soil  (RVAP ,  in).   The  model  allows  for  a 
jiortion  of  rainfall  to  be  evaporated  from  the  surface  soil.   Generally  in  these  forests, 
rain  that  falls  during  the  grovving  season  readily  evaporates  after  each  storm  and  seldon 
contributes  to  soil  moisture  recharge.   A  function  was  s>mthesized  to  reflect  this 
phenomenon: 

AK  =  RAIN/PET 

If  AK  >  1,  tlicn  AK  is  assigned  the  value  of  1 

RVAP  =  RAIX  -  (RAIN  x   AK) 

where:   RAIN  is  net  rainfall  (in).   The  value  of  RVAP  is  then  subtracted  from  the  soil 
moisture  content.   As  a  consequence  of  defining  RVAP  as  a  function  of  rainfall  amount 
as  well  as  PET,  significant  amounts  of  rain  are  evaporated  from  the  soil  only  during  the 
growing  season. 

14.  Soil  profile  interflow  (QF,  in).   When  soil  moisture  is  above  the  water  con- 
tent for  field  capacity  (PC,  in),  moisture  may  move  laterally  through  the  soil  profile 
until  it  reaches  the  stream  channel.   Soil  moisture  in  excess  of  field  capacity  is 
multiplied  by  an  interflow  coefficient  (FQF,  in/in)  to  define  interflow. 

15.  Deep  percolation  (QI,  in).   The  quantity  of  water  that  percolates  through 
the  soil  profile  and  enters  the  ground  water  reservoir  is  calculated  similar  to  QF 
except  that  a  deep  percolation  coefficient  (FK,  in/in)  is  applied  instead  of  FQF. 

16.  Deep  seepage  (SEEP,  in).   A  portion  of  the  water  entering  the  watershed  may 
leave  the  area  without  contributing  to  local  streamflow.   In  other  words,  a  fraction    ! 
of  moisture  is  routed  via  deep  seepage  into  aquifers.   The  deep  seepage  storage  compart-' 
ment  receives  moisture  when  the  ground  water  level  reaches  a  certain  maximum  (TOP,  in). 
Wien  this  maximum  is  reached,  the  ground  water  level  is  multiplied  by  a  deep  seepage 
coefficient  (DPSP)  to  calculate  the  amount  of  water  added  to  SEEP. 

17.  Subsurface  flow  from  ground  water  storage  (QGW ,  in).   The  amount  of  water 
entering  the  stream  channel  from  the  ground  water  reservoir  is  defined  as  the  product 
of  the  ground  water  level  and  a  ground  water  recession  coefficient  (AGW,  in/in) . 

18.  Channel  routing  of  flow.   Moisture  for  streamflow  that  is  generated  b>'  the 
model  may  be  expected  to  experience  a  tiraelag  before  passing  through  the  gaging  station 
at  the  mouth  of  the  watershed.   Therefore,  the  model  provides  for  fractions  of  generated 
runoff  to  be  delayed  up  to  5  weeks. 

ASPCON  computes  weekly  and  yearly  water  budgets  by  summing  all  components  of 
streamflow,  evapotranspiration ,  and  changes  in  soil  moisture  and  ground  water  storage. 


MODEL  CALIBRATION 


The  model  was  calibrated  for  an  "average"  water-year  on  the  West  Branch  Chicken 
Creek  Watershed  (CCW) ,  Davis  County  Experimental  Watershed  in  Utah.   The  present  vegeta- 
tion status  on  the  217-acre  CCW  is  approximately  20  percent  grass-forb,  78  percent 
aspen,  and  2  percent  conifer  (Johnston  and  Doty  1972).   A  total  of  47  inches  of  precipi- 
tation fell  during  the  modeled  year,  of  which  11.6  inches  was  rain  and  35. 4  inches  was 


iguve   5. --Mean  weeklij 
terni'dratiwes  and 
evapotrans  pii'atio)i 
for  the  Chicken  Creek 
Watershed. 
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snou'.  Average  soil  i-irofile  depths  to  limiting  hori 
age  weekly  temperatures  and  potential  evapot ranspi r 
patterns  shown  in  figure  5.  A  series  of  annual  h\-d 
were  analyzed  and  the  model  coefficients  in  tahle  1 
hydrograph  was  produced  that  agreed  closely  with  pa 
calibration  process,  the  only  coefficients  to  he  ad 
easily  estimated  from  a  knowledge  of  watershed  char 
is  sensitive.  Table  2  presents  the  values  for  mode 
best  available  knowledge  from  the  literature.  The 
is  not  to  model  CCW,  but  to  develop  a  reasonable  po 
hydrologic  changes  attributable  to  vegetation  chang 
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Once  an  acceptable  liydrograpli  was  obtained,  all  coefficients  except  the  vegetati\'e 
cover  parameters  were  held  constant  tliroughout  tlie  remainder  of  tlie  stud\-.   Ihereaftei', 
the  areal  cover  of  vegetative  types  on  the  watershed  (CV'i;,  C\'.\,    and  C\C,    table  2}    was 
sequentially  altered  to  simulate  tlie  entire  grass-forli  to  aspen  to  conifer  seiT-.   Water- 
shed response  to  relatively  wet  and  dry  years  was  examined  for  fiv^'  l1  i  f  fLUTut  vogotal  i  \'e 
combinations  by  increasing  or  decreasing  the  amount  oi'   annual  precipitation.   Input: 
wet  year  -    58.8  in  (125  percent  of  normal),  dr\'  year  =  .'^5..^  in  ("^5  pei'cont  ol'  normal  ), 
and  drought  year  =  25.5  in  (50  percent  o\'   normal). 


Table  I. --Model  aoeffiaients  manipulated  during  calibration 


SvTubol 


Definition 


Units 


Simulation  value 


SMO  Soil  moisture  of  a  5-ft  profile  at  beginning  of  water-year 

SAT  Soil  moisture  of  a  5-ft  profile  at  saturation 

FC  Soil  moisture  of  a  5-ft  profile  at  field  capacity 

PWP  Soil  moisture  of  a  5-ft  profile  at  permanent  wilting  point 

FQF  Fraction  of  soil  water  (SM>FC)  becoming  interflow 

FK  Fraction  of  soil  water  (SM>FC)  becoming  deep  percolation 

AGW  Groundwater  reservoir  recession  fraction 

DPSP  Deep  seepage  to  aquifers  from  ground  water  fraction 

TOP  Maximum  ground  water  level 

CRC  Channel  routing  coefficients 

GBASE  Snowmelt  initiation  temperature  for  the  grass-forb  types 

ABASE  Snowmelt  initiation  temperature  for  the  aspen  type 

CBASE  Snowmelt  initiation  temperature  for  the  conifers  t\-pe 

CMC  Melt  rate  index  for  the  grass-forb  t\'pe 

AMC  Melt  rate  index  for  the  aspen  type 

CMC  Melt  rate  index  for  the  conifer  type 

TMAX  Critical  maximum  temperature  for  precipitation 

TMIN  Critical  minimum  temperature  for  precipitation 


in 

13.5 

in 

24.0 

in 

21.0 

in 

10.0 

in/ in 

.95 

in/in 

.63 

in/in 

.0012 

in/in 

.01 

in 

28.5 

in/in 

.  5  ,  .  3  ,  . 

°F 

22.0 

°F 

24.0 

°F 

30.0 

in/°F  wk 

.25 

in/°F  kK 

.25 

in/°F  wk 

.20 

Op 

34.0 

°F 

42.0 

Table 


-Model  coefficients  held  constant  during  calibration 


S\Tnbol 


Definition 


Units 


Assumed  value 


FI  Infiltration  rate 

ACHP  Fraction  of  precipitation  intercepted  b>-  the  stream  channel 

TMCH  Fraction  of  snowmelt  readily  entering  stream  channel 

GSTR  Vegetation  storage  of  rainfall  for  the  grass-forb  type 

ASTR  Vegetation  storage  of  rainfall  for  the  aspen  type 

CSTR  Vegetation  storage  of  rainfall  for  the  conifer  t>'pe 

SNA  Snowfall  interception  loss  fraction  for  aspen 

SNC  Snowfall  interception  loss  fraction  for  conifers 

GSV  Snowpack  evaporation  fraction  for  grass-forb 

ASV  Snowpack  evaporation  fraction  for  aspen 

CSV  Snowpack  evaporation  fraction  for  conifers 

ACCG  Snowpack  accumulation  factor  for  grass-forb 

ACCA  Snowpack  accumulation  factor  for  aspen 

ACCC  Snowpack  accumulation  factor  for  conifers 

CCG  Crop  coefficient  for  the  grass-forb  type 

CCA  Crop  coefficient  for  the  aspen  type 

CCC  Crop  coefficient  for  the  conifer  type 

DPG  Rooting  depth  coefficient  for  the  grass-forb  type 

DPA  Rooting  depth  coefficient  for  the  aspen  type 

DPC  Rooting  depth  coefficient  for  the  conifer  type 

CVG  Fractional  area  of  watershed  occupied  by  grass-forb 

CVA  Fractional  area  of  watershed  occupied  by  aspen 

CVC  Fractional  area  of  watershed  occupied  by  conifers 


in/wk 

10.0 

in/in 

.0065 

in/in 

.0085 

in/in 

.09 

in/in 

.12 

in/in 

.20 

in/in 

.01 

in/in 

.07 

in/in 

.05 

in/in 

.034 

in/in 

.026 

in/in 

.99 

in/in 

1.06 

in/in 

.95 

.90 

1.25 

1.25 

.45 

.85 

.80 

.20 

.78 

.02 

10 


PREDICTED  HYDROLOGIC  IMPACT 
OF  SUCCESSION 


Predicted  weekl)'  water  budgets  for  tlie  C.C\\   were  found  to  reflect  complex  inter- 
actions among  assumed  hydrologic  processes.   For  example,  tlic  upper  portion  of  figui-e  f. 
illustrates  when  rain  and  snow  were  received  on  the  watershed,  the  lower  ]5ortion  of  tlie 
figure  shows  how  vegetation  affects  the  timing  of  moisture  cntr\'  into  the  soil.   The 
timing  and  amount  of  active  moisture  input  is  a  function  of  snowpack  melt  rates  and 
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Figure   6. — Precipitation  and  active  moisture   input  for  the  Chicken  Creek  Watershed. 
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Figure   7. — Weekly  transpiration  patterns  for  the  Chicken  Creek  Watershed 
when  dominated  by:   grass- f orb j   aspen,   and  conifers. 

evaporative  losses  (interception  and  soil  moisture  evaporation).   Figure  7  presents  the 
patterns  of  consumptive  water  use  when  the  watershed  is  dominated  by  grass-forb,  aspen, 
and  conifer  types.   Greater  consumptive  use  rates  for  conifer-dominated  conditions  may 
be  attributed  to  the  plant  activity  patterns  of  evergreen  canopies.   The  combined 
effects  of  active  moisture  input,  transpiration,  and  other  components  of  the  hydrologic 
cycle  are  reflected  in  the  hydrographs  in  figure  8.   Although  the  timing  and  magnitude 
of  runoff  under  different  types  of  vegetation  cover  vary  substantially  during  the  melt 
season,  streamflow  before  and  after  the  melt  season  is  similar  for  all  types.   Dominance 
of  aspen  on  a  formerly  grass-forb  watershed  causes  spring  runoff  to  be  delayed  slightly 
with  lower  peak  flows.   Spring  runoff  under  conifer-dominated  conditions  is  even  further 
delayed  and  reduced. 


ASPEN 


Figvire  8. — Spring  runoff 
hydrographs  for  the 
Chicken  Creek  Watershed 
when  dominated  by: 
grass-forb,   aspen,   and 
conifers . 
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;  Table   1> . --VJatei'  budget  (^ovr[>oyientc.  for  an  averrvje  wntey-'jear  on   the  f'CW 


,/•;'•(•, 


Vegetal  ion ' 
statu? 


98-1-1 
90-9-1 
80-19-1 
70-29-1 
60-39-1 
I  50-49-1 
40-59-1 
30-68-: 
20-"8-2 
20-68-12 
20-58-22 
20-4--35 
20-36-44 
20-25-55 
20-15-65 
20-5-'5 


Streamf low 


Streanif  low 

+AS^] 


Runoff' 


I  net  lies 


Inches       Percent 


21.3 
21.3 
20.9 
20.6 
20.3 
20.3 
20.2 
20.0 
19.9 
18.2 
16.9 


16. 
16. 
15. 
15. 
15. 


21 

9 

21 

4 

21 

0 

20 

~i 

20 

0 

19 

9 

18 

2 

17 

0 

16 

5 

16 

0 

lb 

1 

15 

6 

15 

5 

nni 


Qf- 


■,SNr 


/.GUI 


■IP.V. 


■  Tnch 


49.6 

•^  .  ?i 

15.' 

2.  0 

48.7 

3.1 

1 5  .  8 

l.(. 

47.9 

3.0 

15.  (> 

1  .6 

4  6 .  h 

2.8 

15.4 

1.3 

45.5 

O  7 

1 5  .  3 

1.  1 

44  .7 

2.f. 

15.4 

" 

4  3.0 

2.4 

15.4 

.  0 

42.6 

2.3 

15.4 

.  n 

42.5 

2.6 

15.0 

.0 

38  .  7 

1  .8 

14.2 

.0 

36.2 

1.2 

13.4 

.  1 

35  .  1 

.9 

1 3 .  3 

.  0 

34  .  n 

.  7 

13.1 

-  .  1 

34.3 

.8 

12.8 

.  3 

53.2 

-) 

12.9 

-1 

32.6 

.  s 

12.6 

.  1 

1.8 
1." 
1.7 
1.6 
1.8 
1.7 
1.8 
1.6 
1.8 


<'.9 
(..9 
6 .  9 
(. .  (i 
(..(> 
6.f, 
(,  .f, 
(' .  6 
6 .  5 


9.6 
9 .  9 
10.3 
11.1 
11.7 
1  2  .  f ) 
12.- 
12.9 
13.1 


5.9  15.2 
5 .5  16.5 
5.3   16.8 


l". 
16. 
17. 


i.o 
1. 1 
1 . 1 
1 . 1 

1.2 


1.4 
1.5 
1.6 
1." 
1.8 
1.9 
2.0 


^Percent  watershed  areal  cover  composed  of  grass-forh,  aspen,  and  conifer  t\'pes,  respectively. 

^Runoff  percent  is  equal  to  (Streamf low  +  SM) /precipi tat  ion . 

^See  figure  1  for  an  identification  of  alphabetic  codes. 

'*AS^'  and  LCKL   represent  the  net  annual  change  in  soil  moisture  and  ground  water  level,  respect  i\'el  y 


1  .6 
1.1. 
1.5 
1.5 
1.4 
1.  1 


1.  3 
1  .2 
1.2 
1.  1 

1.  1 
1.  1 
1.0 


Predicted  annual  water  l^udycts  for  the  "average"  ye 
of  vegetation  types  are  given  in  table  ?> .  In  the  CCW  te 
following  burning  or  clearcutting  i.s  vi.-^ualized  as  less 
grass-forb  type,  wjiicli  is  quickly  followed  by  aspen  doiiii 
gressively  replaced  b)-  conifers.  Appro.ximatelv'  20  perce 
grass-forh  clima.x,  and  thus  stabilizes  at  tlvis  level.  b 
a  position  assumed  for  the  watershed  on  the  grass-forb  t 
the  sere  is  not  specified,  since  this  iiia\'  vary  widcl>'  fr 
for  QCHP  is  a  constant  value  (n..314  in)  for  all  conditio 
and  RVAP  exhibited  the  following  minor  trends  from  begin 
to  0.28  in  for  QMCli,  1.77  to  1.71  in  for  QCW ,  and  2.(.(i  t 
components  of  the  water  budget  (TR,\N,  RINi',  SI.NT,  and  S\' 
trends  along  tlie  sere.  The  other  values  in  table  5  ref 
tion  change  with  tlie  timing  and  amount  of  moisture  injuit 
transpiration.  Tlie  value  for  streamflow  plus  soil  moist 
net  change  from  the  initial  soil  moisture  at  tlie  end  of 
ing  year's  runoff  (tlie  soil  storage  compartment  must  be 
season).  The  amount  of  streamflow  reduction  plus  the  ch 
different  stages  of  succession  are  illustrated  in  figure 
the  watershed,  a  net  reduction  in  water  available  for  st 
As  the  watershed  proceeds  from  aspen  to  clima.x  conifer  c 
in  is  lost . 


ar  for  different  combinations 
St  area,  the  jirincipal  sere 
than  4  v'cars'  dominance  b\-  a 
nance,  which  in  turn  is  ]"iro- 
nt  of   the  area  is  considered 
ach  lino  in  the  table  refers  to 
o  conifer  sere.   The  length  i^f 
om  site  to  site.   The  value 
ns.   The  values  for  QM(TI,  (XUV, 
ning  to  end  of  the  sere:  0.29 
o  2.S7  in  for  RVA1\   Several 
AP )  exhibited  rather  consistent 
ect  the  interaction  of  vegeta- 

and  moisture  loss  due  to  evapo- 
urc  change  is  presented  siiici' 
the  \ear  will  affect  the-  follou- 
recliargc-d  pi'ior  to  tlu^  runoff 
mge  in  soil  moisture  i'ov 

9.  B\'  the  time  aspen  doniiiiale- 
reamfloK  of  ,S.  1  in  ha^^  oecuiu'ed. 
onditions,  an  additioiril  1  .  (•> 


Annual  streamflow  under  a  variety  of  precipitation  conditions  was  I'ouiul  to  var\- 
substantially  along  the  successional  gradient  (table  4).   Variable  precipitation  .appears 
to  alter  the  efficiency  with  which  the  watershed  generates  runoff:  decreased  lauioff 
efficiency  accom])anies  years  of  below-average  prec  ipi  tat  i(ni .   bate  serai  staj'.es  iconiiei" 
dominance)  accentuate  the  reductions  iri  streamflow  for  relativel)'  dr>'  \'ears. 
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Figure  9. — Strecmflow  reduction  +LSM  for  the  Chioken  Creek  Watershed 

as  a  function  of  succession. 


Table  4 . --Relationship  of  variable  yearly  precipitation  to 
runoff  (in)   on  the  Chicken  Creek  Watershed 


Vegetation 
status^ 


Drought 
year 


Dry 
year 


Avg. 
year 


Wet 
year 


98-1-1 

60-39-1 

20-78-2 

20-47-33 

20-5-75 


8.5 
8.1 

7.7 
6.0 
4.8 


16.1 

21.3 

33.5 

15.4 

20.3 

32.7 

15.3 

19.9 

31.7 

12.5 

16.5 

27.5 

10.8 

15.2 

24.6 

■"•Percent  watershed  areal  cover  composed  of  grass-forb,  aspen,  and  conifer  t>"pes, 
respectively. 
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SUMMARY  AND  CONCLUSIONS 


A  fundamental  watershed  liN'drolosy  model  (ASI'CON)  luis  been  jiresented  uhieli  is 
ensitive  to  tlie  vegetative  clianges  assoeiated  Vvith  grass-forh  to  asju/n  to  eoni!\'i- 
accession  that  occurs  on  many  subal[Hnc  watersheds  in  the  RocIn)'  Mountains.   ASPCON 
epresents  a  system  of  hydrologic  processes  that  are  likel_\'  to  result  in  significant 
eductions  in  water  yield  for  man)'  western  watersheds.   I'he  algoritliiiis  incorporated 
Tito  tlie  model  were  assumed  from  a  current  understanding  of  these  In'di'ologic  jirocesses 
nd  a  review  of  literature. 

When  applied  to  an  actual  watershed  situation,  ASl'l'ON  jn'edicts  a  5.4  in  net  loss 
f  moisture  available  for  streamflow  when  aspen  dominate  a  former  grass-forb  waterslied. 
n  additional  4.0  in  is  lost  wlien  conifers  eventual  1\'  replace  aspen  forests  on  tlie 
atcrshed.   Ihe  jiredicted  reduction  in  streamflow  between  a  predominant  1\'  grass-forb 
ype  and  an  aspen  t>q3e  is  mainl\'  a  product  of  greater  consumjitive  use  of  water  and 
ncrcased  rooting  depth,  of  aspen.   The  reduction  in  streamflow  as  asjien  are  invaded  !)>■ 
onifers  is  mainl}'  a  result  of  different  snowmelt  and  ]ilant  activit\-  patterns. 

4'he  predictive  ability  of  ASPCON  is  a  function  of  tlie  validit}'  of   man\'  assumed 
elationships .   Research  is  urgentl}'  needed  to  more  accuratel\'  establish  tlie  h\'drologic 
hanges  attriliutablc  to  aspen  to  conifer  succession.   ASPCON  provides  a  framework 
apable  of  incorporating  new  information. 
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RESEARCH  SUMMARY 

Maximum  load-loss  rate  within  the  combustion  zone  of  a  vertically 
(downward)  spreading  fire  was  obtained  for  excelsior  (0.07  cm  in  cross- 
section)  at  bulk  densities  from  O.OOIG  to  0.026  g/cm   .     Fuel  was  contained 
within  a  continuously  weighed  circular  wire  mesh  basket  1  f t '^  (929  cm   )  in 
circular  area  and  0.5  ft  (15.2  cm)  deep,   surrounded  by  a  separate  annular 
basket  of  fuel,  to  minimize  edge  effects.     Load-loss  rates  were  similar  to 
those  obtained  by  Rothermel  (1972)  for  horizontally  spreading  fires  in  the 
same  fuel  at  the  same  bulk  densities. 

The  peak  rate  of  load  loss  per  unit,  area  exhibits  a  strong  dependence 
upon  bulk  density  for  both  vertically  and  horizontally  spreading  fires.     The 
maximum  of  this  peak  rate  occurs  at  the  same  bulk  density  in  the  two  cases. 
Because  of  these  similarities,  this  method  offers  an  alternative  for    investi- 
gating the  combustion  dynamics  of  fire;  moreover,  the  vertical  array  is 
much  easier  to  use  than  the  horizontal  array. 


INTRODUCTION 


Frandsen  and  Rothermel  (1972)  have  presented  a  method  of  measiiriiiL;  the  enerj^y- 
lease  i^ate  of  a  spreading  fire  througli  the  load-loss  rate  of  a  section  of  the  fuel 
i.   This  paper  describes  an  alternative  fuel  bed  that  uses  less  fuel,  that  takes  less 
"ne  to  construct,  and  that  is  less  complex  to  measure  tlian  the  fuel  bed  used  previ- 
sly.   Fuel  arra>'s  to  be  examined  are  contained  within  a  circular  basket.   The  top  is 
laited  uiiiformly  over  the  surface  and  the  basket's  fuel  load  loss  is  continuously 
corded  as  tlie  fire  moves  vertically  downward. 

Rotliermel  (1972)  has  sliown  that  the  fundamental  d)'namics  of  fire  spreading  through 
porous  fuel  array  can  be  ex]n'essed  through  F,  the  reaction  velocity,  the  ratio  of  the 
ficiency  of  mass  degradation  during  pyrolysis  to  the  elapsed  time  of  p\'rolysis  exper- 
inced  during  fire  spread.  Its  product  with  w  ,  the  net  original  ovendry  load  of  a  fuel 
Id,  is  equivalent  to  w,  the  maximum  load- loss  rate  of  a  portion  of  the  fuel  bed  as  tlie 
!re  spreads  through  the  fuel: 

w  =  w  r 

n 

e  method  of  obtaining  w  experimentally  has  been  covered  by  Frandsen  and  Rothermel 
972)  in  their  investigation  of  the  reaction  intensity  of  the  combustion  zone  of  a 
reading  fire.   (The  rate  w  is  properly  a  loss;  however,  the  negative  sense  is  inter- 
lly  compensated.)   The  reaction  intensity,  I  ,  is  another  important  d>'namic  parameter 

the  fire.   It  is  the  total  energy-release  race  evolved  from  the  combustion  zone,  and 

related  to  w  tlirough  h,  the  low  heat  of  combustion: 

L,  =  hw  =  hw  r 
R         n 

e  load-loss  rate,  w,  is  an  important  basic  parameter  that  relates  to  the  d\'namics  of 
spreading  fire.   The  maximum  load-loss  rate  of  a  burning  fuel  arra>'  can  be  obtained 

monitoring  the  load  of  a  basket  of  fuel  as  tlie  fire  moves  with  a  horizontal  ]-ilane 
wnward  through  the  basket  (fig.  1).   The  purpose  of  tliis  paper  is  to  show  that,  for 
celsior,  the  fuel  basket  experiences  a  maximum  load-loss  rate  similar  to  that  expe- 
enced  by  a  horizontal  fuel  bed  slice  Ax,  (fig.  2)  at  the  same  packing  ratio,  the 
tic  of  the  bulk  density  to  the  particle  density.   Although  tlic  bed  fire  travels 
Tizontally,  the  observer  at  Ax  views  a  downward  moving  front  that  is  similar  to  the 
■ont  illustrated  in  figure  1;  namely,  as  Ax  tends  to  zero,  the  boundaries  of  the  p\'rol- 
is  zone  can  be  easily  approximated  as  horizontal  planes.   Because  only  the  fuel  slice 

weighed,  the  rate  of  change  of  che  load  witliin  the  slice  is  hypothesized  to  be 
.entical  to  the  rate  of  change  of  the  load  in  tlie  burning  liaskct. 


Figure  1. — A  horizontal  pyrolyni 
zone  moving  downward  at  a  ra\  ■ 
C,  through  a  weighed  fuel  bati 
of  depth,  6.  A  doughnut- shay: 
basket  surrounds  the  weighed 
basket  to  eliminate  edge  efft: 


fhrc 


PYROLYSIS   ZONE 


-^ 


FUEL 


Figure  2. — A  oross-sectional  view  of  a  fire  spreading  horizontally  through  a  fine  fuel 
(complete  burnout).     A  weighed  fuel  slice  is  illustrated  by  hx.      The   lower  boundary 
of  the  pyrolysis  zone  is  the  ignition  interface  with  the  fuel. 


EXPERIMENTAL  PROCEDURE 


The  experiment  was  conducted  in  the  coiTihiist  ion  chamlier  of  the  Nortlu  rii  I'oi'e'-l  1  i  in- 
iboratory.   The  combustion  chamber  is  connected  to  an  environmental  cond  i  t  i  on  i  nj',  Tacil- 
ty  capable  of  maintaining  humidit>'  within  M.S  percent  and  tempei'ature  within  ■3'."  I 
to. 5°  C|.   The  entire  series  of  experimental  burns  was  run  at  .sn°  1'  (2'7°   (')  ami  JO 
5rcent  relative  liumidity,  resulting  in  a  S  percent  ecjui  1  ibri  um  moisture  content  for 
ae  fuel.   The  burns  were  conducted  under  an  exhaust  flue  in  the  center  of  tlie  comlius- 
ion  chamber  44  by  44  by  66  ft  (13.4  by  13.4  by  20.1  m. ) 

A  wire  mesh  basket  (13  by  13  mm  grid  mesh  size),  1  ft-^  ('929  cm-')  in  circulai-  area 
.id  0.5  ft  (^15.2  cm)  deep  was  used  to  contain  the  fuel.   Square  cut  aspen  wood  excelsior 
Populus   tremuloides   Michx.J,  0.07  cm  in  cross-sectional  dimension  (a  fine  fuel)  was 
sed;  the  same  fuel  was  used  in  the  original  spreading  fire  experiment  to  wliicli  the 
urning  basket  results  are  to  be  compared.   The  particle  density  was  0.40  g/cm'.   Oif- 
erent  packing  ratios  were  obtained  by  changing  the  load  while  holding  tlie  de]ith  fixed, 
doughnut-shaped  basket  with  an  annular  s]Vice  of  0.5  ft  (15.2  cm)  and  identical  depth 
nd  packing  ratio  surrounded  tlie  inner  basket  (fig.  1)  to  eliminate  edge  effects  and 
hus  maintain  a  horizontal  planar  combustion  front  as  the  fire  moves  downward  through 
lie  inner  basket.   Sejiaration  between  the  liaskets  is  highly  important.   An  annular  space 
f  one-fourtli  inch  (0.6  cml  separating  the  inner  and  outer  baskets  was  optimum  for  these 
ests.   A  larger  space  will  result  in  increased  burning  within  the  open  annular  space 
eteri  orating  tlie  horizontal  combustion  front,  wliereas  a  smaller  space  will  result  in 
erious  disturbance  to  the  load  measurement  through  connecting  bridges  occasioned  by 
eat  warping  the  adjacent  wire  mesh  walls  of  the  baskets. 

A  string  presoaked  in  xylene,  a  highly  flammable  fluid,  was  laid  back  and  fourth 
ver  the  ujiper  surface  of  the  fuel  to  insure  uniform  ignition.   Ihe  load  was  monitored 
y  a  load  cell  transducer  located  below  tlie  inner  fuel  jiasket  and  insulated  fi-om  the 
eat  b\'  baffles  that  also  prevented  airflow  through  the  annular  space  between  tlie  center 
asket  and  the  outer  rinu  of  fuel. 


RESULTS 


Figure  3  is  a  representative  set  of  fuel  load  liistories  for  L-ach  packing  i-atio,  ,  . 
he  load-loss  rate  was  obtained  simultaneous  1  >•  with  tlie  load  histc>r\-  b\-  el  ect  i-on  i  ca  1  1  \ 
if  ferent  i  at  ing  the  signal  from  the  load  cell  transducer.   The  differentiated  'Signal 
as  also  used  to  determine  the  first  indication  of  weight  loss  for  the  cuin'cs  in  tigure 

because  of  its  greater  sensitivitx'  to  changes  in  the  load.   l.xcept  for  |-  =  0.0(>5,  each 
urve  has  an  initial  negligible  load  loss. 
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Figure   3. — Typical   load  histories  of  burning  fuel  baskets  at  six  different  packing 
ratios.      The  percent   load  loss  through  combustion  is  indicated  at  the  end  of  the 
first  major  period  of  fuel  consumption  and  at  30  seconds  for   6  =  0.004   to   ^  =  0.016 
and  at  50  seconds  for   3  =  0.032  to   ^  =  0.065. 


Five  replications  of  the  load  history  were  made  at  six  packing^ratios  from  0.004 
to  0.065.   Table  1  is  a  compilation  of  the  maximum  load-loss  rate,  w,  obtained  from 
the  burning  basket.   Table  2  contains  Rothermel's  original  data  for  excelsior  from 
horizontal  spreading  fires.   Both  sets  of  data  are  displayed  in  figure  4  along  with  a 
prediction  of  w  according  to  Rothermel  (1972)  (appendix  B) .   The  prediction  differs 
from  the  original  excelsior  data  because  the  results  of  other  fuel  sizes  were  amalga- 
mated by  Rothermel  to  obtain  the  generalized  expression  for  reaction  velocity  and  thus 
the  maximum  load-loss  rate. 
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A  Rothermel's  fuel  bed  data 

o  Burning  basket  data  jjjpti 
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Figure  4. — A  plot  of  the  maximum  load-loss  rate,   w^    versus  the  pao?Sng  ratio,    ^,    for 
excelsior  hurned  in  a  basket  and  in  a  fuel  bed.      The  continuous  curve  was  obtained 
from  the  eorpression  for  w  in  appendix  A.      The  upper  and  lower  extreme  are  the  standai 
deviation  from  the  mean. 


DISCUSSION 


The  data  contained  in  tables  1  and  2  for  the  two  different  methods  of  obtaining 
the  maximum  load-loss  rate  do  not  lend  themselves  to  a  simple  comparison  at  the  same 
packing  ratios.   However,  assuming  that  a  quadratic  model  fits  these  data,  we  can 
approximate  each  data  set  with  a  quadratic  regression  curve,  w  regressed  on  6,  and  com-i 
pare  these  curves  to  a  quadratic  regression  of  the  composite  of  both  data  sets.   The 
composite  curve  expresses  fuel  loss  rate  as  accurately  as  the  individual  data  sets  if 
the  composite  curve  has  a  sum  of  squared  errors  (SSE)  [squared  differences  between 
observed  and  predicted  from  quadratic  model)  not  significantly  greater  than  the  sum  of 
SSE's  from  the  separate  curves.   It  then  follows  that  the  curves  are  not  dissimilar. 
A  statistical  test  of  the  data  from  tables  1  and  2  (appendix  C)  shows  that  it  is  very 
unlikel>-  that  the  two  data  sets  are  different. 

The  early  load  history  (fig.  3)  of  the  burning  fuel  follows  a  declining  sigmoid 
curve.   Shape  of  the  curve  varies  with  packing  ratio  and  is  distinguished  from  other 
curves  through  the  maximum  load-loss  rate  occurring  at  the  inflection.   It  is  important 
to  determine  if  the  depth  was  sufficient  to  achieve  the  characteristic  maximum  load-los 
rate  for  each  packing  ratio.   Fuel  consumption  efficiency  is  a  means  of  examining  this 


ucstion.       It    is    indicated    in    fi.mire    3   at    t!u'    i^-nd    of    the   cuf\'e   and    in    t  lu'    ix-i'.ion    of 
ncreasing   slope    (second   knee   cxce]iT    at    Ir    =    ().(>S)    follouini',   t]\v    inf'K'ctioii    of   \]iv 
nitial    sigmoid   curve.      ['or    y   =    0.032    to    li    =    O.IKjS,    7>[)    to    71)    percent    ot'    the    fuel    still 
eiiiains   at    .SO    seconds--wcl  1    after   the    initial    sigmoid    load    histor\'.      ('onsei|iient  1  >• ,    llie 
epth,    15.2   cm,    was    sufficient    for    :-'    =    0.032    to   i-:   =    0.003.      for    \-    =    (i.doi    to    .■    =    ().()1(., 
s    little   as   4    percent    of   the    fuel    remains   at    30    seconds;    !iouL'\'er,    each    cur\'o    is    sig.inoitl 
nd   shows   at    least    17   percent    more    fuel    consumed   be>'on<.l    the    second    liioe,     i  fuI  i  ca  t  1  ni',    that 
he    initial    sigmoid   curve   was   not    foreshortened   by    lack    of    fuel    tlepth. 


In    the    spreading    fire,    the   major   rate   of   fuel    consumpt  i  en    is    near   the    front    cii'   the 
omhustion    zone--consi  stent    witli    its    carl\'   occurrence    in    the    fuel    l)asket--and    is    of 
i)rimc    importance   to   the   propagation   of   the    fire    (Frandsen    and    Rothermel     1072  1. 


Converting  an  idealized  load  liisto 
•eference  for  comparing  tlie  d\'namics  of 
lifferent  depths  (initial  loads).  Beca 
;ffcct  upon  the  jiresent  load- loss  histo 
ftxtreme  depth  will  have  all  the  charact 
[fig.  S),  except  that  the  period  of  con 
)f  the  curves  in  figure  3  to  the  right 
Ihar  formation  depends  on  the  mineral  c 
lepletion  that  in  turn  increases  with  t 
)asket  .  The  char  builduji  for  excelsior 
]'Load-loss  rate  because  the  maximum  rate 
pontent  is  low  (0.03  percent).  Whateve 
find   the  basket. 
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Figure  5. --An  idealized  load- 
loss  historij  of  a  buryiing 
fuel  basket  of  extreme 
depth,    curve  D,    having 
similar  aharaoteristios 
to  a  basket  of  lesser 
depth,   curves  C  down  to  A. 


Time 


The  statistical  test  in  appendix  C  indicates  that  the  alternative  method  presente; 
here  can  be  used  for  fuel  near  the  size  of  excelsior  to  obtain  the  reaction  velocity 
used  by  Rothermel  to  describe  the  dynamics  of  a  horizontally  spreading  fire.   Investi- 
gations at  larger  fuel  sizes  are  necessary  to  extend  the  range  of  the  usefulness  of 
this  method. 


This  method  should  be  useful  in  studying  fire  spread  in  forest  fuels  comparable  ii 
size  to  excelsior.   Some  specific  applications  that  come  to  mind  are;  dependence  of  f i ■ 
spread  on  natural  variables  such  as  mineral  content,  moisture  content,  extractive 
content,  and  packing  ratio,  and  also  the  efficacy  of  fire-retarding  chemicals. 
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APPENDIX 


Appendix  A 

Terms 


SYMBOL 


max 


op 


DEFINITIOE 

Maximum  load -loss  rate 

Net  original  ovendry  load  (less  inorganics] 

Reaction  velocity 

Optimum  reaction  velocity 

Maximum  optimum  reaction  velocity 

Low  heat  content  of  fuel 

Reaction  intensity 

Fuel  depth 

Surface  area-to-volume  ratio 

Packing  ratio,  the  fraction  of  bulk  volume 
occupied  by  fuel 

Optimum  packing  ratio 

Ovendry  particle  density 

Mineral  damping  coefficient 

Moisture  damping  coefficient 

Silica  free  ash  content 

Fuel  moisture  content 


UNIT 
g/cm^-s 
g/cm^ 


cal/g 
cal/cm^-s 


cm 


cm 


cm^/cm^ 
cm^/cm^ 
g/cm^ 


Fraction 
of  ovendry 
weight 
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Appendix  B 

Derivation  of  Maximum  Load-Loss  Rate 


Beginning  with  w  =  w  F,  the  net  load  is  expressed  as 

w„  =  Ppe6 

tierc 

p   =  ovendry  particle  density 

6   =  dei)th  of  the  fuel  basket  or  fuel  slice 

&   =  ]")acking  ratio,  the  fraction  of  the  hulk  volume  occupied  hy  fuel. 

he  other  tern  in  the  expression  for  w  is  the  reaction  velocit)',  7.   Rothermel  i  I'.i'"^ 
rovides  a  set  of  parametric  equations  for  obtaining  T   from  initial  fuel  parameters. 


r  -  r,  n  r- 

s  m 


here 


n   =  mineral  damping  coefficient  =  f  fsilica  free  ash  content' 
n   =  moisture  damping  coefficient  =  f  (fuel  moisture  content) 
T'   =   optimum  reaction  velocity 


nd 


r'    =  r'    (B/B   )^exp[A(l-e/B   )] 
max    op    ^^  op-^ -' 

r'    =  a^- 5(495  +  n.0594  a^" ^j"^ 

max 

B     =  3.348  a'0-8185 

op  ., 

A     =  1/(4.774  a    ^    -    7.27) 

a     =  particle  surface  area-to-volume  ratio 
ubstituting  w  and  T   into  w  gives 

w  =  Pp5n^n^  B  r' 
rom  Rothermel's  (,1972)  original  data 


Pp  =  26.12 

lbs/ft- 

6   =  0.375 

ft 

n  =  0.694 
m 

@  M^  = 

0.05 

n  =  0.507 

(a  S  = 
e 

0.00 

ubstituting  into  w  we  have 

w  =  0.0280  B  r' 
ith  a  =  1,848  ft  -^  for  excelsior 

r^  =  15.237  eO-3^58  [g^  p-e'-|0.3^9! 

here 

6'  =  B/0. 00707 
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Appendix  C 

statistical  Test 


Statistical  test  of  the  similarity  between  the  maximum 
load-loss  rate  dependence  on  packing  ratio  of  the  alter- 
native burning  basket  method  and  the  horizontally 
spreading  fire. 


The  SSE  and  degrees  of  freedom,  d.f.,  are  given  in  the 
following  tabulation.   The  model  assumes  a  second  degree 
polynomial . 

Data  set  SSE*  d.f.  =  n-3 


Verticle  burn,  SSE(V) 
Horizontal  burn,  SSE(H) 
Composite,  SSE(C) 

*Sum  of  squared  errors 

Forming  F  value  according  to  Draper  and  Smith  [1966) 

(ASSE/Ad.f.) 


9.S600xlO'6 

27 

43.6092xl0'6 

20 

58.0511x10'^ 

50 

F 
Therefore 


F  - 


(SSE(V+H)/d.f.(V+H)) 

(4.8819xl0"6/3)   ^  (4.8819)  (47) 
(53.1692xlO"^/47)    (53.1692)(3) 

F  -  1.4385 

Given  no  difference  in  the  two  sets  of  data  the  probability  of  such  a  value  for  F, 
is  0.24.  Therefore,  we  accept  the  hypothesis  that  both  methods  are  estimating  the  same 
result . 
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RESEARCH  SUMMARY 

Sample  gi'azing  allotments  on  Ranger  Districts  in  the  Northern  Region 
(USDA  Forest  Service)  were  surveyed  by  questionnaire  to  determine  the 
feasibility  of  increasing  grazing  capacity  through  additional  range  improve- 
ments.    The  survey  included  an  inventory  of  existing  grazing  capacity  and 
the  specific  kind  and  cost  of  proposed  improvements.     Costs  of  improve- 
ments were  amortized  and  aggregated  for  each  Forest  Service  Planning 
Area.     The  resulting  costs  were  compared  with  the  increased  grazing 
capacity  measured  in  animal  unit  months  (AUM)  to  determine  the  cost  per 
additional  unit  of  capacity. 

The  results  show  opportunities  to  increase  grazing  capacity  by  .'360,000 
AUM  over  the  current  capacity  of  1,175,000  AUM  on  National  Forests  in 
the  Northern  Region  through  investment  of  $23,300,000.     Amortized  cost 
per  AUM  for  improvements  ranges  from  $G  in  the  eastern  part  of  the  Region 
to  $16  in  the  west,  as  shown  in  the  following  table. 

Cost  of  improvements,  additional  grazing  capacity,  and  amortized 
cost  per  AUM  by  olanning  area 


C 

urrent  cost  of 

Amortized  cost 

Planning        : 

additional            : 

Additional  grazing  : 

per  additional 

area            : 

8" 

razing  capacity     : 

capacity 

AUM 

Dollars 

AUM 

DoUars/AUM 

N.  Idaho 

1,573,600 

20,650 

15.0 

W.  Montana 

2,312,171 

21,473 

16.0 

Cent.   Montana 

5,967,161 

102,717 

8.0 

Cent.   Rocky 

Mt 

905,951 

11,638 

9.6 

E.   Montana 

3,465,628 

42,161 

8.8 

Dakotas 

9,101,032 

165,936 

6.1 
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INTRODUCTION 


In  197^,  the  Forest  and  Rangeland  Renewable  Resources  Planning  Act  was  passed  by 
ongress  to  assure  long-range  planning  of  the  Nation's  renewable  resources.   One 
provision  of  this  Act  requires: 

An  inventory,  based  on  information  developed  by  the  Forest  Service  and  other 
Federal  agencies,  of  precept  and  potential  renewable  resources,  and  an  evalua- 
tion for  improving  their  yield  of  tangible  and  intangible  goods  and  services... 

In  partial  response  to  th's  provision,  this  study  provides  estimates  of  increased 
.^razing  capacity  from  various  range  improvement  practices  in  the  Northern  Region  of  the 
'^orest  Service,  U.S.  Department  of  Agriculture.   Costs  of  both  the  historical  and  the 
proposed  improvements  are   also  presented. 

The  Northern  Region  stretches  across  rugged  northern  Idaho,  through  Montana,  and 
Across  the  Northern  Plains  of  the  Dakotas.   It  extends  about  1,000  miles  from  west  to 
east  and,  at  the  extremes,  nearly  AOO  miles  from  north  to  south.   Because  of  the  variety 
3f  conditions  in  such  a  large  area,  findings  of  this  study  are  presented  separately  for 
each  of  five  Planning  Areas  (fig.  1),  defined  by  common  topographic,  vegetative,  and 
climatic  conditions  and  having  generally  comparable  range  conditions.   These  areas 
correspond  with  those  used  i,i  the  Forest  Service  planning  process  and  thus  facilitate 
the  use  of  the  findings  for  planning  purposes.   To  the  extent  possible,  findings  are 
also  presented  for  individual  National  Forests.   While  the  Planning  Areas  include  all 
lands,  regardless  of  ownership,  in  the  Northern  Region,  this  study  is  only  concerned 
with  National  Forest  lands.   Selected  descriptors  of  the  Planning  Areas  are    shown  in 
table  0-1 . 


t^.  1 

CTNlJ 
dJ-r-     i. 

1 —    i/l    o 

a.  c  ■!-> 

E  lO   o 

fo  Q.  nj 

OO    X  M- 

OJ 

01 

>1 

•»->  1— 

■l-> 

C    Q. 

o;  E 

l_) 

O    lO 

lO 

S-    CO 

Q 

<u 

m' 

O-    c 

o 

••- 

Dl 

C 

rsl 

03 

s- 

CT 

+-> 

, 

c 

ro 

Ol 

+-> 

s_ 

o 

s- 

h- 

:3 

C_) 

o- 

Ol 

c 

■l-J  /— 

•f— 

c  o. 

M 

aj  E 

(T3 

U     (O 

S- 

S-    1/1 

Ol 

Ol 

D.     C 

c 

•«— 

'*- 

<D 

cr 

IT3 

OJ 

s- 

, — 

u 

fD 

m 

+-> 

O 

■i-> 

I— 

(D 

■21 

(/I 

<D 

•!-> 

•l->  1— 

C 

c   a. 

ai 

0)  E 

E 

O    (O 

•l-J 

S-    1/1 

o 

Ol 

r— 

Q.    C 

la 

<4- 

..  .. 

o 

s- 

,_ 

0) 

03 

-Q 

♦-> 

E 

O 

3 

1— 

■z. 

VI 

S-     4-> 

O;    u 

ai-<- 

c  s- 

(D  *-> 

cc  1/1 

Q 

t/) 

<13 

O) 

s_ 

(O 

o- 

c 

c 

c: 

lO 

Q-1 

kO   "X)   LD 

1 —  r^  <rt 

ro  ^—  ^—  f^  fO  ^— 

ro  CT^  LT)  ro  "^  ro 

r--  CM  c\j  00 
<3-  00  c^  »— 

en  o 

ro  c\j  m 

^  c\j  ro  ^  r^  ro 

"X)  CTt  CO  cr. 

CTi  r-^ 

< —  ro  LO  1 —  . —  LO 


un  oj  CM  en 
un  O  CM  o 


r-     O 

r^   CX) 


r^  . —  cji 

C\J   CO  LD  LO  CTi   CT) 

CTv  r^  en  ^ 

•X)  P-- 

.—  O-^ 

cr»  ^  LD  r--.  1 —  <d- 

'^r   Ln   1 —   CNJ 

ro  O 

in  to  «X) 

CM  r^  r^  r^  ro  CTi 

oo  o~i  1 —  «X) 

CO   LTJ 

CO  r^  "^ 

< —    OsJ   O   . —    CT^   ':d' 

^  r—  en  ro 

LO  ^j- 

ro 

1 —        « —  ( — 

r^  LO  ro  ro 

ro  r— 

in   I — 


lO  CM  r~-.  CO  o  n 


CO  ^  ys 

CTi  en  r^  c-o  o  n 

O  CO  C71  CO 

VO  O 

ro  >a-  .— 

■^   r-  CO  IC  o   o 

1—  CM  CM  CO 

un  r— 

CJl  CM  C71 

^  cX)  o^  CO  CTi  r^ 

1—  CM   CO  1— 

O  U3 

CO  en  en 

1^  cji  r^  ■*  ^  ^ 

cn  o  CO  o 

r^  un 

CM  r—  CM 

r^  CO  o  CO  f-^  CM 

CO  u->  en  ,— 

O^  "^ 

.—  .—  ^o 

1 —       1 —  1 — 

UD  CO  CM  CM 

CM 

CT>  «jd  en 

LO  <;3-   U^  ' —  < —   LO 

1 —  LO  «::j-  r^ 

LO    .— 

U3  CO  i^ 

CM  r^  CM  1—  r^  CM 

LO  r^  "Xf  r^ 

*^  r^ 

f—  1 —  ( — 

^—            CNJ   1 —            < — 

t — 

--I 


CXl  Ol  UD 

<d-  r^  CO  00  CO  1^ 

Ol  O  ^  CO 

O  CO 

LT)  Ln  in 

«X>  CM  LT)   O  CM  1 — 

o^  yD  en  r^ 

r^  cvj 

«:d-  LO  r-.  "X)  < —  t— 


LO  >X)  ro  ro 


cc 

0)    0) 

•a. 

4->  1— 

ID  "O 

ej 

S    C 

■Zi 

s-   <a 

1— 1 

lO  ^ 

■ZL 

OJ    c 

?r 

1 —   <o 

•a. 

<_)  Cl. 

'IL 

■z. 

,^ 

<i: 

Ll- 

Cr^■^ 

CO 

u.  .^ 

«s- 

"^i 

in 

■z. 

cnQ 

Z     i-  Li- 

U_  U- 

■a: 

fO   Z 

<c 

u.  cc 

< 

4->   ^  ^ 

s-  d; 

ii  t 

-O  r- 

ll  t 

z. 

LU 

O 

3 

cc 

fO  CJ     OJ  U. 

cc 

-C 

Q£ 

O  -O  •.- 

-Q 

«* 

0)         cnz: 

<c 

c    «-• 

< 

S_    <D    lO 

U-    VI    c 

-C  oO  "O 

•r-     O 

S-    (1)    c 

^    Q..— 

o 

S-           O    ID 

o 

<->  o 

C3 

QJ  -£=    Ol 

•r-     O 

z 

0)  i/i  .—  c 

z. 

lO    ■»-> 

Z. 

■U    VJ    *-> 

O  .—    (-) 

t— « 

>  •.-    S-    OJ 

K-4 

1 —   J- 

1— I 

4->     (0     O 

r—     r-     C 

■z. 

lO    3    Ol  i— 

z. 

1—     1T3 

Z; 

•.-  ■—     O 

O  -C  •.- 

Zi 

O)    O)    <L)    0) 

z. 

rT3     <D 

z 

CO  u.  vr 

_J  Q 1 

<: 

CO  _l  C3  IE 

<x. 

ca  CO 

ct 

LU 
CC 


1— 
o 


Ol 

*. 

C71 

Q) 

c 

s- 

lO 

aj 

cc 

3- 

s- 

Ol 

3 

s- 

o 

<u 

4- 

i: 

m 

cu 

■fJ 

, 

c 

, — 

o 

Q- 

(D 

CL 

+-> 

1- 

S- 

E 

(D 

ID 

4- 

CO 

>. 

l/l 

O 

s- 

c 

o 

(U 

c 

•r— 

*-> 

^       • 

o 

'r- 

4->     C 

>1 

l/l 

o 

*-> 

4-> 

c 

E  •■- 

V. 

•  r— 

ID 

O  en 

o 

U 

S_ 

t.  q; 

CL 

ID 

tJ 

M-  cc 

o 

Q. 

s- 

ID 

c 

-o   <D 

Q. 

O 

o 

0)  -c 
a.  <!-> 

^-' 

a; 

Q. 

•t- 

C 

<U 

II 

<u 

5   1/1 

• 

E 

+-> 

. 

\-> 

■»-> 

>l  c 

S- 

in 

o 

Ol    OJ 

o 

<U     • 

• 

-c   E 

4-> 

s-  +J 

*J 

I — 

4->    +-> 

U 

o  « 

i/i 

ID 

O 

ID 

Li_     <U 

OJ 

>*- 

i. 

s. 

■o 

tfl  I— 

.—  o 

o 

<u 

•t->    ID 

C 

ID  Ll. 

u. 

r— 

C 

o 

C 

CL 

OJ  00 

Or- 

r^ 

E 

ECT. 

1/1 

•1-    ID 

<a 

ID 

+->  f— 

c 

•M  c: 

c 

(/) 

o 

ID 

ID    O 

o 

.—  14- 

CL 

■z  •>- 

•^ 

1 — 

.—  O 

X 

♦J 

♦J 

, — 

ID 

QJ 

OJ    ID 

(0 

CJIZ 

z 

<L) 

O    ID 

<U 

T3 

1/1 

C    <-> 

f— 

O    ID 

t- 

3 

o 

CL 

.—    C 

01 

ID 

-o   (-> 

E 

S-    tt) 

♦-> 

U 

ID 

ID 

(Ur- 

1/1 

Ol 

-£=     ID 

1/1 

dJ     OJ 

3 

CQ 



Q  n: 

o 

^l-r-X-  CO| 


>I^I"T| 


-> 

»— « 

+J    ID 

.:> 

CD 

l/l    +-> 

LU 

•.-     ID 

CC 

C3  -o 

STUDY  METHODS  AND  DATA  BASE 


Data  concerning  grazing  capacity  under  current  levels  of  investment,  the  grazing 
apacities  under  an  intensive  level  of  investment,  and  the  costs  of  making  these 
investments  were  collected  from  each  Ranger  District  by  questionnaire  (sample  question- 
laire  available  from  authors).   This  information  was  obtained  directly  from  the  individ- 
jals  with  on-the-qround  responsibility  for  grazing  management,  on  the  assumption  they 
are  most  familiar  with  local  conditions  and  best  able  to  make  such  estimates. 

I     Respondents  were  instructed  to  analyze  at  least  two  representative  or  average 
grazing  allotments  in  their  respective  Districts  that  would  draw  an  average  amount  of 
:ooperation  from  permittees  in  sharing  expenses  of  investments.   In  addition  to  providing 
general  descriptive  information  they  estimated  the  current  costs  and  numbers  of  units 
Df  38  types  of  structural  and  nonstructural  improvements  needed  to  fully  utilize  the 
grazing  capacity  of  each  sampled  allotment  (see  appendix  B  for  investment  definitions). 
In  addition,  they  specified  the  percentage  contribution  to  the  total  increase  in 
grazing  capacity  to  be  expected  from  each  such  improvement  and  the  priority  for  each 
improvement . 

j     These  sample  estimates  were  then  expanded  to  estimate  the  proposed  improvements, 
|by  type  of  improvement,  for  each  Planning  Area.   We  also  developed  cost  estimates  for 
each  additional  AUM  of  capacity  by  type  of  improvement.   The  average  investment  costs 
per  AUM  for  the  intensive  investment  program  were  then  compared  with  the  investment 
costs  per  AUM  of  the  current  grazing  capacity.   Finally,  we  summarized  this  information 
for  the  Region  as  a  whole  in  terms  of  a  supply  curve. 

Representativeness  and  Expansion  of  Sampled  Allotments 

Because  of  the  variety  of  physical  conditions  on  individual  allotments  across  the 
Region  and  the  local  importance  of  grazing  on  the  National  Forests,  we  chose  to  survey 
each  Ranger  District  in  the  Region.   While  two  allotments  were  surveyed  on  most  Ranger 
Districts,  the  Districts  on  the  Beaverhead  and  Custer  National  Forests  (except  the 
Beartooth)  were  sampled  at  a  rate  of  6  to  18  allotments  per  Ranger  District  because  of 
the  larger  number  of  allotments  there.   Furthermore,  11  sampled  allotments  on  the  Clear- 
water, Panhandle,  Nezperce,  Flathead,  Gallatin,  and  Kootenai  National  Forests  were 
removed  because  they  were  transitory  range.   Transitory  range  was  dropped  from  the 
sample  because  it  has  few  improvements  and  no  permanent  grazing  capacity,  and  is  gen- 
erally not  considered  for  investments.   In  nine  other  situations  allotments  were  not 
sampled  because  none  existed.   The  final  sample  used  in  this  study  contained  data  from 
198  allotments  on  66  of  the  75  Ranger  Districts  in  the  Region. 

As  shown  in  table  0-1,  the  sample  covered  more  than  1  million  of  the  5  million 
acres  that  are  grazed.   Sampled  allotments  included  10  percent  of  the  Region's  1,923 
allotments  and  18  percent  of  the  total  grazing  capacity  under  current  levels  of  invest- 
ment.  Because  the  percentage  of  net  acreage  in  grazing  represented  by  the  sample  (26 
percent)  is  somewhat  larger  than  the  percentage  of  the  current  grazing  capacity  repre- 
sented by  the  sample  (I8  percent),  the  productivity  estimates  of  the  investments  for 
range  improvements  in  the  Region  may  be  somewhat  conservative. 


We  based  expansion  of  our  sample  on  current  grazing  capacity.   Grazing  capacity 
is  an  estimate  of  the  maximum  average  number  of  AUM  that  can  be  supported  without 
damaging  the  range  resource  and,  for  each  allotment,  is  a  constant  for  a  given  manage- 
ment system  and  set  of  improvements.   In  contrast,  actual  use  fluctuates  from  year  to 
year  in  response  to  weather  conditions  and,  perhaps,  in  response  to  the  market  demand 
for  1  I vestock. 

It  would  have  been  more  desirable  to  weight  our  sample  data  concerning  improvement!' 
necessary  to  move  from  the  current  to  a  higher  capacity  by  the  differences  between  thost 
capacities.   Unfortunately,  the  higher  capacities  were  not  known  in  advance  of  this 
study;  indeed,  estimates  of  the  higher  capacities  are  one  result  of  this  study. 

For  any  grouping  of  similar  Ranger  Districts,  we  expanded  our  sample  in  the 
fol lowi  ng  manner: 


: 


Sample 
expans  ion 
factor 


1.0 


(Proportion  of  current  grazing  capacity  in  sample) 

For  the  Bitterroot  National  Forest  in  Planning  Area  2,  then 

Sampl e        1.0 
expans  ion 
factor 


0.231 

ii».33] 


If  three  cattleguards  were  proposed  for  the  allotments  sampled  on  the  Bitterroot,  for 
example,  we  calculated 


Total  number 

catt leguards 

proposed  for  Bitterroot 


Number  proposed 
for  sample 
al lotments 

[3] 

12.99  or  13 


Sampl e 

expans  ion 

factor 

[^.33] 


To  the  extent  possible,  sample  expansion  factors  were  calculated  for  individual 
National  Forests.  Where  National  Forests  were  split  between  Planning  Areas,  sample 
expansion  factors  were  calculated  for  Ranger  Districts. 

Primary  Data 

By  questionnaire  we  developed  the  following  principal  types  of  primary  data  for 
each  sampled  allotment: 


Type  of  information 
Proposed  range  improvements 


Comment 

The  questionnaires  reported  the  specific 
kinds  of  improvements  necessary  to  increase 
grazing  capacity;  because  the  sizes  and 
materials  necessary  for  structural  improve- 
ments varied  a  good  bit  by  allotment,  we 
categorized  the  improvements  by  their 
functions  for  use  in  cost  comparisons 
between  Planning  Areas  (e.g.,  cattleguards, 
stock  trails,  and  stock  bridges  were 
categorized  as  "Access"  improvements). 


^oe  of  information 

.:al  costs  prevailing  in  early  1976  to 
nstruct  or  implement  one  unit  of  each 
end  of  improvement. 


Comme.yit 

For  examining  proposed  improvements  for  a 
given  National  Forest,  we  used  the  average 
cost  of  the  sampled  allotments  on  that 
Forest.   Because  current  costs  are  not 
available  for  certain  Improvements  on 
particular  Forests,  we  used  the  average 
costs  from  all  allotments  within  a  Planning 
Area  to  calculate  the  replaceriient  costs  of 
historical  improvements.   Where  current 
costs  were  not  available  for  a  Planning 
Unit,  we  used  average  costs  in  the  Region. 

Improvements  were  considered  as  "packages" 
of  investments  and  do  not,  on  particular 
allotments,  permit  an  increase  in  grazing 
capacity  by  themselves;  hov;ever,  at  the 
Planning  Area  level  we  have  aggregated  the 
information  to  provide  rough  measures  of 
expected  productivity  of  each  category  of 
investment . 

Secondary  Data 

To  supplement  the  primary  survey  data  gathered  for  this  study,  we  assembled  certain 
/^kground  information.   The  principal  types  of  information,  their  sources,  and  the 
rjnner  in  which  they  are  used  in  this  report  are: 


Icrease  in  grazing  capacity  for  entire 
slotment  given  entire  package  of  pro- 
5sed  improvements;  percentage  of  increase 
ie  to  each  category  of  improvement. 


!pe  of  Information 

storical  expenditures 
r  range  improvements. 


175  inventory  of  his- 
irical  range  improvements 


lortization  schedules  for 
nge  improvements. 


Source  Manner  of  use 

Regional       Determine  proportions  contributed  by 
Office^        permittees.  Forest  Service,  and  other 
Government  sources. 

Regional       Determine  replacement  costs  of  Improvements 
Office^        supporting  present  grazing;  contrast  with 
costs  of  proposed  improvements. 

FRES  study     Determine  average  annual  cost  of  improve- 
and  interest   ments  using  an  Interest  rate  of  10  percent, 
tables^ 


J    ^USDA  Forest  Service.   1975.   Statistical  summation  of  range  improvements.   Computer 
hntout  of  range  Inventory  of  existing  improvements  and  accounts  of  cumulative  invest- 
ints  by  Ranger  District  and  National  Forest,  March  2h ,    1975,  USDA-FS,  R-1 ,  Missoula, 
)ntana.   (Unpublished  computer  printout). 

^See  Duran  and  Kaiser  (1972)  regarding  FRES,  and  Lundgren  (1971,  p.  115)  for  Interest 
rmula  and  tables. 


Type  of  information 


Source 


Manner  of  use 


Current  grazing  capacity, 
1975  actual  grazing, 
physical  descriptors. 


Sampled 
al lotments 
and  individ- 
ual National 
Forests 


Determine  current  average  costs  per  AUM 
and  general  descriptions. 


Data  on  ranch  sizes  and       Census^ 
Planning  Area  populations. 


General  descriptions, 


Calculating  Procedures 

This  study  considers  a  large  number  of  improvements  over  many  administrative  unii 
in  the  Northern  Region.  In  each  of  the  sections  of  this  report  that  are  devoted  to  aa 
single  Planning  Area,  the  calculations  shown  in  Table  0-2  were  used  to  evaluate  the 
productivity  of  historical  and  proposed  range  improvements.  The  detail  available  forr 
the  sampled  allotments  was  foregone  to  derive  averages  at  the  Planning  Area  level. 
Because  basic  information  Is  lacking,  It  Is  not  possible  to  estimate  the  product  I vl tyv 
of  individual  categories  of  historical  Improvements.  Throughout  this  study,  replace 
ment  and  current  costs  are  expressed  in  terms  of  1976  dollars. 


Each  of  the  following  sections  contains  a  similar  set  of  tables.   To  thoroughly 
understand  the  way  in  which  the  table  entries  were  derived,  we  urge  the  reader  to 
carefully  read  the  section  covering  Planning  Area  1,  for  the  methodology  is  presented^ 
in  more  detail  there  than  in  the  other  sections.   The  Regional  summary  simply  abstracr 
data  from  the  other  sections. 


Table  0-2. --Calculations  to  evaluate  historical  and  proposed  improvements 


Level  of  information 


Historical  improvements 


Proposed  improvements 


1.  Kind  of  improvement 


Replacement 

cost  of 
improvements 

= 

1975  R.O." 
inventory 

X 

L 

Current 

Planning  Area 

average  cost 


Cost  of 
improvements 


Expansions 

of  proposed 

improvements 

from 

questionnaires 


Current 

National  Forest 

average  cost 


2.     Category  of  improvement 


Sum  replacement  costs  to  get  replacement  cost  of 
category  of  improvements. 


Sum  costs  to  get  cost  of  category  of  improvements 


3.  Category  of  improvement 


1.  Category  of  improvement 


Amortized 
repl acement 

cost  of 
category 


Replacement 
cost  of 
category 


Ten  percent 

Interest-pa yraent 

factor-' 


Amortized 
cost  of 
category 


Amortized  cost 
of  category  per 
additional  AUM 


Cost  of 
category 


Ten  percent 

Interest-payraent 

factorl' 


Amortized 
cost  of 
category 


Additional 

grazing  capacity 

due  to  category 


5.  All  improvements 


Sum  to  get  amortized  replacement  cost  of  all 
improvements. 


Sum  to  get  total  amortized  cost  per  added  AUM. 


6.  All  improvements 


Total  amortized 

replacement 

costs  per 

current  AUM 


Total 

Total 

amortized 

current 

replacement 

grazing 

costs 

capacity_ 

J_/  See  Appendix  D. 


^Population  from  U.S.  Bureau  of  the  Census  (1973,  p.  28-31)  and  farm  data  from  U. 
Bureau  of  the  Census  (1972,  p.  253). 


Interpreting  the  Results 

Care  must  be  taken  in  interpreting  the  results  presented  in  ti.e  following  chapters. 
irst,  most  of  the  data  were  obtained  as  subjective  estimates,  albeit  by  professionals, 
nd  therefore  may  not  be  as  consistent  or  precise  as  desired.   Nevertheless,  these  are 
,he  best  data  available  Regionwide. 

I    Second,  not  all  opportunities  for  range  improvements  may  be  represented.   Because 
he  sample  is  biased  toward  the  poorer  quality  range,  the  data  may  shov/  fewer,  less 
reductive  improvements  than  is  actually  the  case.   Furthermore,  some  of  the  inter- 
iewers  appeared  to  be  more  imaginative  in  perceiving  new  opportunities  than  others, 
hus,  the  opportunities  addressed  in  this  study  probably  do  not  include  all  that 

.ctual  1  y  exi  st . 

I 

Third,  tor  the  improvement  opportunities  that  were  considered,  not  all  the  associ- 

ted  costs  were  recorded.   Those  concerned  with  administration  and  maintenance  for  the 

llotments  were  omitted.   To  the  extent  that  these  costs  increase  with  increasing 

ntensity  of  management,  the  cost  estimates  presented  in  this  study  are  low.   Another 

ost  problem  involves  differences  in  cost  among  Forests  and  Planning  Areas  for  the  same 

mprovement.   For  example,  on  the  Deerlodge  National  Forest  one  type  of  fence  costs 

4,000  per  mile  while  a  similar  fence  costs  less  than  $2,000  per  mile  on  the  Beaverhead 

imilar  costs  variations  can  be  found  in  most  of  the  other  Improvement  categories. 

hlle  a  small  amount  of  this  variation  may  be  attributed  to  error  in  estimation,  we 

elleve  most  of  the  variation  reflects  differences  in  materials,  terrain,  design,  and 

ther  related  factors. 

A  fourth  consideration  in  interpreting  the  results  deals  with  projections  of  AUM 
ssociated  with  improvement  opportunities.   Not  all  of  the  increases  In  production  will 
>e   available  to  cattle,  because  some  forage  for  wildlife  Is  also  a  Forest  Service 
bjectlve.   Furthermore,  In  some  cases  the  improvements  are  necessary  just  to  maintain 
n  allotment's  present  grazing  capacity  and  no  increase  In  yields  will  result. 

I    Fifth,  because  of  the  joint  nature  of  some  proposed  improvements,  comparing  data 
?or  Individual  Improvement  categories  is  rather  risky,  especially  at  the  Forest  level, 
or  Instance,  fencing  on  a  particular  National  Forest  might  be  attractively  efficient 
ompared  to  water  development.   However,  fencing  without  water  development  might  be 
iseless.   Because  of  this  problem,  the  summary  chapter  does  not  attempt  to  judge  the 
fficiency  of  Individual  Improvement  opportunities. 


If 

A  final  consideration  Involves  the  problems  of  Interpreting  the  historical  cost 
ata  which  are  presented  in  terms  of  1976  dollars.   Age  of  the  improvements  was  not 
ivailable  nor  was  the  expected  length  of  use.   Thus,  the  replacement  cost  was  calculated 
issuming  all  past  improvements  would  be  redone  and  would  last  as  long  as  the  proposed 
mprovements.   This  procedure  may  lead  to  double  counting  where  past  Improvements 
eplaced  previous  improvements.   Offsetting  this  effect  is  the  fact  that  some  range 
mprovements  have  probably  not  been  recorded  and  thus  not  counted  in  this  study.   In 
he  case  of  the  National  Grasslands,  some  costs  may  be  omitted,  because  records  were 
ivailable  only  since  the  Forest  Service  assumed  administration. 

in  spite  of  these  limitations,  we  feel  the  results  in  the  following  sections 
■epresent  the  best  data  available  at  this  time  for  the  Northern  Region.   They  can  serve 
iS  useful  indicators  of  relative  opportunities,  their  costs,  and  their  productivity  for 
)lanning  purposes. 


PLANNING  AREA  1:  NORTHERN  IDAHO 


Planning   Area    )    covers    northern    Idaho   and    includes    the    Idaho   Panhandle,    the   Clear 
water,    and   the   Nezperce   National    Forests.      Grazing    is    limited   to  878,000  acres    (1^ 
percent)    of   the   total    6.2  million   acres.       In    1975,    17^   allotments  were  grazed    by   226 
permittees,    representing   5-5   percent   of   the   ^,095   farms   and    ranches    in   the   area. 
Livestock  grazing  was   concentrated  on   the   Nezperce,    the   southernmost    forest,    with 
32,000  AUM.      There  were  about   8,^400  AUM  on   the   Clearwater   and   5,^00  AUM  on   the   Panhand  ^ 
Total    actual    grazing    in   this   area   accounted   for   slightly  more   than   ^   percent   of   the 
Region's   total    in    1975,    and    the  grazing   capacity  accounted   for   about   h.S   percent   of   th( 
Region's   total.      Selected   descriptors   of   the   area   are   presented    in   table    1-1. 

Historical  Improvements 

Past    investments   have   been  made    in   a   variety  of    improvements    to   permit   utilizatior 
of   the   range   resources    in   the   Planning  Area.      The    range    improvements    in   Planning   Area 
are   summarized    in   table    1-2.      Generally,    investments   have   been   made   primarily    in 
cattleguards ,   water,    fences,    and   cabins.      Few    investments    in    range    improvement    practice 
have   been  made. 


Table  1-1 .--Selected  descriptors  of  Planning  Area  1,  1975 


National  Forest 


Number  of 
allotments 


Number  of 
Permittees 


Total 

net 

acreage 


Net  grazing  acreage 


:   Percent  under 
Total        :   timber  canopy 


Current 
grazinc 
capacit 


AUM 

Clearwater 

59 

77 

1,825,690 

128,938 

60 

8,517 

Panhandle 

59 

76 

2,208,784 

119,244 

74 

7,601 

Nezperce 

56 

73 

2,150,498 

629,916 

88 

36,649 

Planning  Area 

Total 

174 

226 

6,184,972 

878,098 

82 

52,767    1 

Planning  Area 

as  percent  of 

Northern  Region 

9 

10 

26 

18 

— 

4 

.  1 

8 

Table  1-2.— Number  of  historical    improvements   in   Planning  Area   1    by 
National   Forests 


:   Clearwater    :    Panhandle    :   Nezperce    :    P''anning  Area   1 
Kind  of  Improvement        : N.F.         ;         N.F.        ;        N.F.        ;        Total    Number 

STRUCTURAL 


A  1 .   Cattleguard 

2.  Stock  trail(miles) 

3.  Stock  bridge 

19 
12.8 

18 

4.8 

26 

62. 

8 

8 

63 

80.4 
8 

B  4-5.    Rain  tanks 

6 

6 

C  6-8.    Spring  tanks 

1 

215 

216 

>^   13-14  Water  trans'm 
(miles) 

3.1 

3.1 

F  1 5.    Dam  &   reservoir 

17 

11 

28 

G  16.    Other  water  dev. 

2 

- 

2 

H   17-21.    Fence   (miles) 

26.3 

16.4 

139. 

5 

182.3 

I   22.   Cabin 
Barn 
Corral 

Loading  chute 
Dipping  vat 

4 
2 
8 
5 

1 
2 

1 

23 

2 

27 

1 

28 
4 

37 
6 
1 

NONSTRUCTURAL 

J  1-2.   Ground   prep.(ac)  25  25 

K  3-6.    Seeding(ac)  12                       18  230                         260 

L   7-8.    Fertilizer(ac)  3                       20  23 

N   11-14.    Plant  Control(dc)  312                       95  407 


Replacement  Costs  and  Productivity 

The  present  grazing  capacity  is,  in  part,  dependent  upon  the  investments  already 
)n  the  ground.   The  inventory  of  present  Improvements  and  the  costs  required  to  replace 
:hem,  based  on  the  current  prices  found  in  this  study,  are  itemized  in  table  1-3-   The 
lotal  replacement  cost  would  be  about  three-quarters  of  a  million  dollars. 

The  last  column  in  table  1-3  lists  the  equivalent  annual  investments  that  would  be 
'equ i red  to  replace  the  historical  level  of  improvements.   in  total  this  is  approximately 
?90,000  per  year.   A  rough  index  of  the  productivity  of  these  improvements  can  be 
)btained  by  dividing  the  amortized  value  by  the  grazing  capacity. 

Grazing  capacity  52,767  AUM 
Total  amortized  cost 

of  improvements  $90,391 

Cost  per  AUM  $1 .71 


Table  1-3. --Calculation  of  total   and  amortized  replacement  costs  of  historical    improvements   in  Planni  .g  Ar 


Type  of          : 

Existing 
number 

:   Replacement  cost   : 

Category 
replacement 
cost 

:  Useful   : 
life   : 

Amortized 
replacement 

improvement        : 

:  Per  Unit 

:  Total   : 

cost 

Doll 

ars  -  -  -  - 

-  -  Dollars  -  - 

(Years) 

Dollars 

A  1  Cattleguard 

2  Stock  trail  (mi) 

3  Stock  bridge 

63 

80.4 
8 

1352 

518 

5250 

85,176 
41,647 
42,000 

168,823 

40 

17,264 

B  Tanks 

6 

1300 

7,800 

7,800 

30 

827 

C  Spring,  tanks 

216 

486 

104,976 

104,976 

30 

11,136 

E  Water  transmission  (mi) 

3.1 

1152 

3,571 

3,571 

30 

379 

F  Dam  &  reservoir 

28 

965 

27,020 

27,020 

30 

2,866 

G  Other  water  develop. 

2 

157 

314 

314 

30 

33 

H  Fence  (mi) 

182.3 

1119 

203,994 

203,994 

25 

22,474 

I  Cabin 
Barn 
Corral 

Loading  chute 
Dipping  vat 

28 
4 

37 
6 
1 

5000 

5000 

1000 

500 

500 

140,000 

20,000 

37,000 

3,000 

500 

716,998 

200,500 

10 

32,630 

Structural  Subtotal 

87,609 

J  Ground  preparation  (ac) 

25 

100 

2,500 

2,500 

5 

659 

K  Seeding  (ac) 

260 

12 

3,120 

3,120 

30 

331 

L  Fertilizer  (ac) 

23 

23 

529 

529 

3 

213 

N  Plant  control  (ac) 

407 

30 

12,011 

12,011 

15 

1  ,579 

Nonstructural  Subtotal 

18,160 

2.782 

GRAND  TOTAL 


735,158 


90,391 


In  the  past,  a  very  simple,  extensive  range  management  has  been  practiced.  Essen- 
tially, fences  bounded  the  allotments  and  the  cattle  ate  whatever  forage  occurred  natur 
1y.  To  add  more  cattle  in  any  area  requires  investing  in  relatively  expensive  improve- 
ments such  as  fertilization,  shrub  control,  and  water  developments.  Most  of  the  rest 
of  this  chapter  discusses  estimates  of  expected  costs  and  results  of  increasing  grazing 
capacity   beyond   present    levels. 

Past  Expenditures 

Past  expenditures  in  Planning  Area  1  amounted  to  only  9  percent  of  the  Region's 
range  management  expenditures  (table  1-^).   However,  since  the  Area  supports  only  k 
percent  of  the  grazing  capacity,  this  is  not  surprising.   Most  of  the  funds  have  come 
from  sources  other  than  the  range  improvement  accounts  such  as  Job  Corps,  fire  crews, 
and  particularly  range  administration.   About  one-fifth  has  come  from  the  Forest  Service 
range  improvement  accounts  and  the  permittees  in  roughly  equal  amounts. 
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Table  1-4. --Historical  expenditures  for  improvements  in  Plannincj  Area  1 
in  total  and  as  a  percentage  of  total  expenditures  in  t h e 
Northern  Region  by  sources  o''^  funds 


Sources  of  funds 


Expenditures 


Dol lars 


As  percentage  of 
expenditures  in  Region 


Forest  Service  range 

153 

900 

improvements 

Other  Forest  Service- 

620 

,200 

Permittees 

151 

,400 

ALL 

925 

,500 

25 
5 
9 


y    Includes  all  Federal  Government  expenditures  not  included  in 
Forest  Service  range  accounts  052  and  053  including  range  administration 
and  planning,  Job  Corps,  fire  crew,  etc. 


Proposed  Improvements 

The  sampling  methodology  used  in  this  study  was  discussed  earlier.   Between  25  and 
0  percent  of  actual  grazing  use  and  current  carrying  capacities  were  sampled  on  the 
hree  forests  making  up  this  Planning  Area.   The  33  sampled  allotments  indicate  there 
s  the  potential  to  increase  the  Area's  carrying  capacity  by  more  than  a  third. 

Estimates  of  the  specific  kinds  of  proposed  investments  and  their  costs  are  detailed, 
|iy  National  Forests,  in  table  1-5-   The  projected  Planning  Area  total  cost  for  structural 
mprovements  is  $712,000  with  the  Nezperce  comprising  about  half  the  total.   Emphasis  is 
;entered  on  fencing  and  improvements  to  facilitate  access.   Nonstructural  improvements 
;ould  cost  about  $860,000,  with  the  Nezperce  again  comprising  over  half.   Seeding, 
;ert i 1 izat ion ,  and  plant  control  are  the  major  items. 
I 

I    The  particular  kinds  of  improvements  requested  for  each  sample  allotment  are  a 
function  of  already  existing  improvements;  local  physical  and  climatic  conditions;  and, 
:o  some  extent,  the  Inclinations  of  the  permittees  to  share  In  costs.   Even  within  many 
)f  the  categories  listed  in  table  1-5,  there  Is  substantial  variation.   For  example, 
.:att leguards  can  be  made  of  railroad  rails  or  2-  by  8-inch  planks  and  can  vary  from  9 
:o  2k    feet  in  length.   As  a  consequence,  the  cost  for  cattleguards  varies  substantially. 
)n  the  Clearwater  National  Forest  (which  includes  two  sample  allotments),  the  cost  per 
;attleguard  averaged  about  $2,556  ($23,000  v  9),  on  the  Panhandle  about  $2,250,  and  on 
the  Nezperce  about  $995. 

A  comparison  of  the  replacement  costs  of  historical  improvements  to  the  cost  of 
Droposed  improvements  suggest  a  change  in  emphasis: 


Structural 
Nonstructural 


Replaaement  aost  of 
existing  improvements 

98 
2 


Cost  of  proposed 
improvements 

kS 
55 
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Table  1-5. --Proposed  improveinents  and  their  costs  on  sampled  allotments  and  estimates  for  Planning  Area  1 


Type  of 
improvement 


:  Clearwater  N.  F. 
Unit  :  Units  :   Cost 


Sampled  allotments 


Panhandle  N.F. 
Units   :  Cost 


Nezperce  N.F. 
Units  :  Cost 


Expansion  to  N.F.s- 


Clearwater  N.F.  :  Panhandle  M.F. 
Units  :  Cost  :  Units  :  Cost 


Nezperce  N.F. 
Units   :  Cost 


Dollars 


STRUCTURAL  IMPROVEMENTS 

ACCESS 

A  1 
2 
3 

Cattleguard 
Stock  trail 
Stock  bridge 

each 

mile 
each 

9 
6 

0 

23 

2 

000 
500 

WATER 

DEVELOPMENTS 

C  7 

Spring, 
metal  tank 

each 

7 

3 

500 

F  15 

Dam  & 
reservoir 

each 

4 

4 

800 

G  16 

Other  water 
development 

each 

7 

1 

100 

FENCE 

H  17 
18 

19 

20 

Boundary,  fl.F. 
Boundary, 
al lotment 
Interior, 
allotment 
Water  source 

mile 

mile 

mile 
mile 

2 

7 

15 
1 

7 
0 

0 

0 

6 

10 

12 
5 

200 

800 

400 
000 

21   Right-of-way      mile 

I     22  Miscel laneous 
structural 


Structural    subtotal 


5,000 


3,000 


2.0 

3.0 
4.7 


3,000 
5,000 
7,400 


31 
1.0 
2 


10.1 

5.5 

35.5 


Dollars 


30,850 

1,000 

10,500 


4,300 
200 


10,000 
6,500 
32,850 


Dollars 


Dollars 


Dollars 


28 
19.0 


13 
22 


8.5 
22.2 


47.5 
3.2 


,568         11  24.750 

,923 


11.000 


15,600 


3,454 


516 
255 


282         1 

000 


15,822 


5.5  8,250 

8.3         13,836 
3.0         20,462 

3r'.;-03 


36     17,208 


39.5  39,500 
21.7  25.649 
140.3   129,778 


35,400 


97,601 


Dollars 


122 

121,390 

217,708 

4.0 

4,000 

11.923 

8 

42,000 

42,000 

28,208 

16,400 

3,454 

67,266 

73,740 

189.522 
16.000 

46,125 


NONSTRUCTURAL  IMPROVEMENTS 


GROUND  PREPARATION 

J  1 

Plowing 

acres 

5 

500 

SEEDING 

K  3 

Broadcast, 

ground 

acres 

5 

200 

4 

Broadast , 

air 

acres 

2,000 

10 

000 

6 

Interseed 

acres 

FERTILIZATION 

L  7 

Plant  estab- 

1  ishment 

acres 

5 

50 

B 

Increase 

production 

acres 

2,800 

47 

500 

PLANT 

CONTROL 

N  11 

Burning 

acres 

15 

3 

000 

12 

Mechanical 

acres 

13 

Chemical 

acres 

1,305 

21 

300 

14 

Hand 

acres 

300 

15 

000 

0  15 

Rodent 

control 

acres 

100 

1 

000 

P  16  Miscellaneous 
nonstructural 


Nonstructural  subtotal 
GRAND  TOTAL 


186,!;50 


1,400     27,500  6,329 
200     2,000 


200 
22,995  1,420 


1,600 


16       640 
31,645 


16       160 
500     26,000  8,861    150,637 


10,000 

42,700     4,130 
949 


9,600 

66,080     1,810 
47,450 


3,160 


5,534 
791 


1,976 


99 


110.680 
7.910 


791  39,550 

63,350     5.631  168.930 


1  ,980 


61,895 


205,200 


589,695 


813,312 


142,325 
7,910 


160 
253.389 


9.600 

39.550 

298.360 

47,450 


14,000 

3,500 

44,303 

1,642 

53,945 

112,550 

26,495 

109,000 

355,275 

72,992 

432,937 

861  ,254 

1,573,600 


y     Calculated  by  multiplying  sample  data  on  physical    improvements  for  each  National    Forest  by  sample  expansion  factors   in  Table  1.     This 
product  wa;,   rounded  off  and  then  multiplied  by  the  average  unit  price  for  each  National    Forest. 
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Apparently  a  substantial  increase  in  nonstructural  improvements  is  called  for. 
bwever,  some  of  this  difference  is  probably  due  to  the  fact  that  nonstructural  treat- 
i;nts  were  more  likely  to  be  overlooked  in  the  survey  of  historical  improvements  than 
;ad i 1 y  identifiable  structural  features.   This  situation  also  applies  to  similar 
iterpretat ions  in  later  chapters.   Still  some  shift  in  emphasis  is  apparent. 

Productivity  of  Proposed  Improvements 

The  range  specialists  also  indicated  the  proportion  of  each  allotment's  total 
icrease  in  grazing  capacity,  given  requested  improvements,  that  would  be  due  to  each 
jtegory  of  improvements.   As  illustrated  in  table  1-6,  this  imformation  permitted  an 
^proximation  of  the  importance  of  each  category.   We  say  "approximation"  because  here, 
id  throughout  the  study,  we  recognized  that  improvements  frequently  come  in  packages 
lat  are  difficult  to  subdivide  for  analysis.   For  example,  plant  control  and  seeding 
ight  be  useless  if  no  water  is  available.   For  this  reason  we  urge  caution  in  interpret- 
ig  the  results  too  closely.   Rather,  our  analysis  indicates  potential  for  further 
tudy  if  specific  areas  or  improvements  are  involved.   In  some  cases  no  additional  AUM 
re  produced  by  additional  investments  because  these  investments  are  needed  to  maintain 
resent  levels  of  capacity.   The  "miscellaneous  structural"  category  for  the  Panhandle 
ational  Forest  is  an  example  of  this  situation. 

At  this  point,  we  have  developed  the  following  information  by  National  Forest  by 
ategory  of  improvement: 

--the  current  total  cost  of  proposed  improvements 
--the  total  increase  in  grazing  capacity. 

fter  one  more  calculation,  we  can  estimate  the  cost  of  increasing  grazing  capacity  per 

UM. 

All  of  our  grazing  capacity  information  is  on  an  annual  basis,  but  our  cost 
nformation  is  in  terms  of  total  cost  per  unit  of  improvement.   Most  improvements  have 

useful  life  span  of  a  number  of  years.   To  put  cost  Information  on  an  annual  basis, 
hen,  we  must  amortize  costs  over  the  estimates  of  useful  life  found  in  appendix  A.   The 
esults  of  these  calculations,  and  estimates  of  the  cost  per  added  AUM  of  proposed 
mprovements  are  presented  in  table  1-6. 

If  all  the  requested  investments  were  made  on  the  Planning  Area,  the  grazing 
apaclty  on  the  National  Forests  could  be  increased  annually  by  more  than  20,000  AUM. 
he  amortized  annual  cost  would  be  about  $15.00  with  the  most  heavily  used  Nezperce 
aving  the  lowest  costs  by  far.   Structural  improvements  promise  much  lower  costs  per 
nit  output.   For  the  Planning  Area,  over  60  percent  of  the  increase  in  grazing  capacity 
s  promised  by  about  10  percent  of  the  total  projected  expenditures.   But  it  should  be 
ecognized  that  some  of  those  investments  require  nonstructural  investments,  particularly 
ertilization  and  plant  control,  in  order  to  be  effective. 
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Table  ]-6. --Calculation  of  amortized  costs  of  additional  AUM  by  type  of  improvement  in  Planning  Area  1 


Type  of 
improvement 


Life, 
span-' 


CI earwater  National  Forest 


(2) 

Total 

projected 

costs- 


(3) 

Anmi.i  I 

amorti J8 

costs- 


Additiogal 

AUM  -> 


Annual 

amortized 

cost  per 

additional 

k\]W-' 


Panhandle  National    Forest 


Total 

projected 

costs 


Annu.i  1 

amortized 

costs 


STRUCTURAL  Subtotal 


234,420 


25.906 


1,396 


18.6 


97,601 


12,150 


Additional 
AUM 


406 


Annual 
amortized 
cost  per 
additional 

AUM 


Years 

Doll 

ars 



AUM 

-  -  Dollars  -  - 

AUM 

Dollars 

A 

Access 

40 

79,491 

8,129 

259 

31.4 

24,750 

2531 

55 

46.0 

B 

Rain  tanks 

30 

C 

Spring  tanks 

30 

11,000 

1,167 

184 

6.3 

F 

Dam  &  reservoir 

30 

15,600 

1,655 

184 

9.0 

n 

Other  water  deve 

op 

30 

3,454 

366 

117 

3.1 

H 

Fences 

25 

109,053 

12,014 

633 

19.0 

42,548 

4,687 

350 

13.4 

I 

Miscel laneous 

10 

15,822 

2,575 

19 

135.5 

30,303 

4,932 

0 

6/ 

J  Ground  preparation 
K  Seeding 
L  Fertilization 
N  Plant  control 
0  Rodent  control 
F  Miscellaneous 

5 
30 

3 
15 

5 

1 

1,600 
32,285 

150,797 

123,130 

3,160 

44,303 

422 

3,425 

60,636 

16,188 

834 
48,733 

22 

370 
807 
266 
6 
196 

19.2 

9.3 

75.1 

60.9 

138.9 

248.6 

63,350 
9,642 

8,329 
10,606 

444 
63 

18. C 
168.4 

NONSTRUCTURAL  Subtotal 

355,275 

130,238 

1,667 

78.1 

72,992 

18,935 

507 

37.4 

GRAND  TOTAL 

589,695 

156,144 

3,063 

51.0 

170,593 

31 ,085 

912 

34.1 

!_/  Appendix  Table  A-6. 

2/  Table  1-5. 

2/  Column  2  multiplied  by  10-  interest  factor  from  Appendix  Table  A-6. 

V  Expanded  sample  data  from  Appendix  A-1. 

2/  Column  3  divided  by  Column  4. 

6/  Infinite 


Table   1-5. --Continued 


STRUCTURAL  Subtotal 


380,325 


40,502 


9,260 


4.4 


712,346 


78,558 


11,061 


Nezperce  Nationa 

1  Forest 

Planning  Area  1 

Annual 

Annual 

amortized 

amortized 

Total 

Annual 

cost  per 

Total 

Annual 

cost  per 

Type  of 

Life- 

projected 

amortized 

Additional 

additional 

projected 

amortized 

Additional 

additional 

investment 

sj)^an 

costs 

costs 

AUM 

AUM 

costs 

costs 

AUM 

AUM 

Years 

40 

Dol 

167,390 

ars  -  -  -  - 

17,117 

AUM 
1,660 

AUM 
1,974 

Dollars 
14.1 

A  Access 

10.3 

271,631 

27,777 

B  Rain  tanks 

30 

C  Spring  tanks 

30 

17,208 

1,825 

4,099 

0.4 

28,208 

2,992 

4,283 

0.7 

F  Dam  &  reservoir 

30 

800 

85 

379 

0.2 

16,400 

1,740 

563 

3.1 

G  Other  water  devel 

op.   30 

3,454 

366 

117 

3.1 

H  Fences 

25 

194,927 

21.475 

3,122 

6.9 

346,528 

38,176 

4,105 

9.3 

I  Miscellaneous 

10 

46,125 

7,507 

19 

395.1 

7.1 


J  Ground  preparation 
K  Seeding 
L  Fertilization 
N  Plant  control 
0  Rodent  control 
P  Miscellaneous 

5 
30 

3 
15 

5 

1 

119,775 

102,752 

208,480 

1,980 

12,706 

41,317 

27,410 

522 

3,818 

1,024 

2,557 

16 

3.3 

40.4 
10.7 
32.6 

1,600 
152,060 
253,549 
394,960 

5,140 
53,945 

422 

16,131 

101.953 

51.927 

1,356 

59,339 

22 
4,188 
1.831 
3.267 

22 
259 

19.2 
3.8 
55.7 
15.9 
61.6 
229.1 

NONSTRUCTURAL  Subtotal 

432,987 

81,955 

7,414 

11.0 

861,254 

231  ,128 

9,589 

24.1 

GRAND  TOTAL 

510,909 

122,457 

16,675 

7.3 

1,573,600 

309,686 

20,650 

15.0 
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PLANNING  AREA  2:  WESTERN  MONTANA 


Planning  Area  2  is  characterized  by  rugged  mountain  peaks  and  a  few  broad  valleys, 
includes  four  entire  National  Forests  and  single  Ranger  Districts  from  two  others. 
;i  1970,  there  were  157,000  people  and  3,800  ranches  and  farms,  including  268  permit- 
|;es ,  in  this  Indiana-size  Area. 

While  the  acreage  of  this  area  is  about  one-third  of  the  total  acreage  of  the 
igion,  grazing  is  severely  limited.   The  Area  has  only  13  percent  of  the  Region's 
azing  acreage  and  A  percent  of  the  grazing  capacity  (table  2-1). 


Historical  Improvements 

Existing    range    improvements  in    this    Area   are    summarized    in    table    2-2.       The    Improve- 

;nts   are  mainly    for   controlling  livestock:    catt leguards ,    corrals,    and    loading   chutes, 

ater    is    relatively   abundant   and  little    investment    has    been   aimed    at    improving    forage 
hoduct  i  vi  ty . 


Table  2-1 .--Selected  descriptors  of  Planning  Area   2,   1975 


administrative  unit 


Number  of 
al lotments 


Number  of 
Permittees 


Total    net 
acreage 


Net  grazing  acreage 


Percent  under 
Total      :   timber  canopy 


Current 

grazing 

capacity 


AUM 

Sitterroot  N.F. 

64 

56 

1  ,579,561 

176,449 

67 

11,292 

'lathead  N.F. 

27 

27 

2,349,876 

89,819 

75 

2,748 

.olo  N.F. 

108 

77 

2,737,901 

184,863 

86 

11.775 

Kootenai   N.F. 

53 

62 

1 ,870,475 

107,237 

84 

10,755 

'hil ipsburg  R.D. 

28 

33 

398,268 

74,900 

83 

9,319 

.incoln  R.D. 

16 

13 

327,000 

24,703 

41 

4,949 

Manning  Area  Total 


296 


268 


8,763,081 


657,971 


77 


50,838 


'lanning  Area 
IS  percent  of 
Jorthern  Region 


15 


12 


36 


13 


15 


Table  2-2.— Calculation  of  total  and  amortized  replacement  costs  of  historical  improvements  in  Planning  Area  I 


Type  of 

:  Existing 
:   number 

Replacement  cost 

Category 

replacement 

cost 

Useful 
life 

Amortized 

replacement 

cost 

improvement 

Per  unit  :  Total 

Dollars  

-  -  -  Dollars  -  - 

Years 

Dollars 

A  1  Cattleguard  198 

2  Stock  trail  (mi)  27.5 

B  Tanks  1 

C  Spring,   tanks  198 

D  Wells  1 

E  Water  transmission  (mi)       1.4 

F  Dam  &  Reservoir  1 1 

G  Other  water  development  8 


1,297 
1,269 

1,300 

497 

1,167 

4,866 

333 

10 


256,806 
34,898 

1,300 

98,406 

1,167 

6,812 

3.663 


291,704 


40 


1,300 

30 

98,406 

30 

1  ,167 

30 

6,812 

30 

3,663 

30 

80 

30 

1,099,785 

25 

29,829 

138 
10,439 
124 
723 
388 


H  Fence  (mi) 

471.0 

2.335 

1,099,785 

1,099,785 

25 

121,162 

I  Cabin 
Corral 
Loading  chute 

1 

21 

3 

5,000 

1,000 

500 

5,000 

21 ,000 

1,500 

27,500 

10 

4,475 

Structural  Subtotal 

1,530.417 

167,286 

K  Seeding  (ac) 

4,694 

12 

56,328 

56,328 

30 

5,975 

L  Fertilizer  (ac) 

7 

4 

28 

28 

3 

n 

M  Water  retention  (ac) 

104 

10 

1,040 

1,040 

30 

no 

N  Plant  control  (ac) 

670 

7 

4,690 

4,690 

15 

617 

0  Rodent  control  (ac) 

120 

1 

120 

120 

5 

32 

Nonstructural  Subtotal 

62,206 

6,745 

GRAND  TOTAL 

1,592,623 

174,031 

Replacement  Costs  and  Productivity 

The  replacement  costs  of  the  historical  improvements  are  presented  in  table  2-2.  " 
At  today's  costs,  they  represent  an  investment  of  $1,590,000.   This  is  nearly  7  percen 
of  the  replacement  costs  of  all  improvements  in  the  Region. 

The  last  column  in  the  table  lists  the  equivalent  annual  investments  that  would  b 
required  to  maintain  the  historical  level  of  improvements.  In  total  this  would  amount 
to  about  $17^,000  per  year.  We  can  now  calculate  a  rough  index  of  the  productivity  of 
these  improvements: 


Grazing  capacity 
Total  amortized  cost 

of  improvements 
Cost  per  AUM 


50,838  AUM 

$17^,031.00 
$      3.^2 

Past  Expenditures 


Past  expenditures  in  the  Planning  Area  were  estimated  to  be  7  percent  of  the 
Region's  total  investment  program  for  developing  grazing  resources  on  National  Forests 
(table  2-3).   This  $700,000  cumulative  investment  supports  h   percent  of  the  Region's 
total  grazing  capacity.   About  one-third  of  the  funds  came  from  Forest  Service  range 
improvement,  other  Forest  Service,  and  permittee  accounts  respectively. 
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Table  2-3. --Historical    expenditures   for   improvements    in   T'lflnnintj 
Area   2   in   total    and  a   percent  of  total    ex[)en(li tures 
in   the  [lorthern   Region   by   sources   of   fund; 


Source  of  funds 


Expenditures 


Dollars 


As  percent  of 
expenditures  in  Region 


Forest  Service  range 

improvements 

24;; 

,400 

Other  Forest  Service 

224 

,300 

Permittees 

229 

,600 

ALL 

702 

,300 

Proposed  Improvements 

The  2k    Ranger  Districts  in  Planning  Area  2  provided  sample  data  for  38  allotments. 
The  proposed  improvements  are    presented  by  administrative  unit  for  the  sampled  allotments 
in  appendix  table  A-2;  projections  to  total  estimates  for  those  units  are   given  in 
table  2-4. 


in  total,  the  estimated  improvements  would  cost  $2.3  million.   The  most  critical 
improvements  would  be  in  fencing  of  all  types;  access  structures  are  the  other  main 
litem.   Investments  for  water  developments  would  continue  to  be  relatively  modest.   The 
Icontrol  of  unwanted  vegetation  is  the  most  important  kind  of  ground  treatment  that  is 
proposed . 

i     As  was  found  for  every  Planning  Area,  the  proposed  improvements,  while  still 
'heavily  weighted  towards  structures,  reflect  an  increased  concern  for  direct  ground 
treatments : 


Structural 
Nonstructural 


Replacement  costs 
cf  existing 
improvements 
(percent) 

96 
k 


Costs  of 

proposed 

improvements 

(percent) 

79 
21 


Productivity  of  Proposed  Improvements 

Given  the  total  investment  costs  of  the  proposed  improvements,  we  can  calculate  the 
annual -equ i val ent  or  amortized  cost  of  these  improvements  (table  2-5).   From  our  sample 
data,  we  are  able  to  approximate  the  added  capacity  that  would  result  to  each  category 
of  improvement  and,  finally,  to  approximate  the  cost  per  additional  AUM  of  capacity 
(table  2-6). 

The  Bitterroot  National  Forest--which  had  the  largest  i nvestments--al so  had  the 
highest  average  cost  for  increasing  capacity;  the  Phllipsburg  Ranger  District  had  the 
lowest  cost.   Overall,  it  would  cost  $16  on  the  average  to  increase  capacity  by  one 
AUM  in  this  Planning  Area. 


17 


ro  O  O  ro  CO  "X)  O 
O  "X)  O  rn  CNj  I —  O 
ro  • —  O         u^  I —         CT-  CD 


PO  ro  O  O 

"^^a-  cn  "S-  CM 

CD  (XJ  CM  CO 


O  O         ro  U3 
*d-  o^        CO  cr» 


o  o 
o  o 
in  o 


ro  O 
ro  m 
en  CM 


o  uo 
m  CM 
r^  en 


)  ro  ch  o 
■  cr>  .—  o 
)  .—  CO  m 


CM  o  O  O  ^ 

KO  ^^  O  CD  I— 

CTi  . —  O  CM  r~- 

CM  O  I—  I — 


CM  CT^  O 
•X)  "^  CM 
CO  O  .— 


CT>  in 
LO  in 


CO  o 
CO  o 
V£)  o 


^  r—    O 


O  *:}-  "sD  O 
O  Cn  UD  O 
CM  O  r-.  <3- 

m  O  KO  ^£3 
■^  CD  KO 
CM  CM 


ro  r-> 
CsJ  »— 
CO  o 


"X)  CO  <—  CM 


in  ^ 

^  in 

<d-  en 

en  <:j- 

■^   ■<::r 

'=!■  ^ 

—  E-' 


C    O    CU    OJ 


a.  > 
>%  o 


■MOO 
n2  *->  4-> 
ej  LO   l/> 

.—  CSJ  ro 


OJ    OJ    OJ    OJ 

u  u  u  u 
c    c    c    c 


O  Ll.  Li_  Lj_  U_ 


.—     3i—    OJ.—  -C.—     OJ 
0.-00.     EO-     OO..C 


^    ^      2 


c 

i/> 

'O 

1- 

a. 

in 

i/i 

0) 

O) 

>i 

LT) 
CO 

CSJ 

CT. 
CO 

00 
ro 

CT> 

cn 

cn 
uo 

CO 

en 

•>3- 

en 

en 
o 

^3- 

ro 

(T. 

<XI 

en 

oo 

o 

ro 

LT) 
^3- 

■a- 

CO 
LD 

CM 

«x» 
in 
o 

CVJ 

in 

o 

•« 
in 
m 

U3 
LT) 

04 
OO 

ro 

CM 

ro 

U3 

CM 

<3- 

o 

CO 
ro 

Ln 

CO 

in 

o 

CM 

in 

Csj 

•~ 

CM 

LD 
O 

o 

o 
ro 

CNJ 

CO 
ro 

CO 

in 

CM 

oo 
■a- 

Lf) 
O 

ro 

CM 

CO 

en 
en 

n 

CO 

CO 
CM 

00 

o 

CO 

CO 

i£> 

(XI 
<XJ 

(NJ 
CNJ 

CO 
cr> 
cx> 

•n 

LD 

in 
en 

in 

in 
o 

CM 

<a- 

U3 

en 
o 

o 

CM 

ro 

.—  o 


s 


19 


Table  2-6. --Additional  grazing  capacity  and  cost  per  additional  AUM  of  proposed  Improvements  1n  Planning  Area  2 


Category  of 
Improvement 


Total  additional  AUM 


:  :  :         :  :  :  Planning  Area 

itterroot  N.F.  :  Flathead  N.F.  :  Kootenai  N.F.  :  Lolo  N.F.  :  Philipsburq  R.D.  :  Lincoln  R.D.  :     Total 


AUM's 


A  Access 

143 

C  Spring  tanks 

312 

E  Water  transmission 

221 

F  Dam  &  reservoir 

G  Other  water 

H  Fence 

1,092 

356 


1,110 

108 

0 

88 

542 

419 

1,265 

225 

327 

0 

2,034 

628 

6,848 

27 

1  ,391 

479 

1  ,840 

399 

2,110 

327 

0 

320 

11,278 

STRUCTURAL  Subtotal 

1,768 

359 

4,824 

1,503 

7,268 

1.225 

16,946 

J  Ground  preparation 

30 

0 

30 

K  Seeding 

139 

139 

L  Fertilizer 

126 

1,293 

1,419 

M  Water  retention 

610 

610 

N  Plant  control 

559 

179 

589 

534 

373 

2,234 

0  Rodent  control 

0 

0 

P  Miscellaneous 

0 

0 

95 

95 

NONSTRUCTURAL  Subtotal 

854 

1,472 

684 

1,144 

373 

4,527 

GRAND  TOTAL 

2,622 

359 

6,295 

2,188 

8,411 

1  ,598 

21,473 

Category  of 
Improvement 


Annual  Amortized  cost  per  additional  AUM 


:  Planning  Area 
jitterroot  N.F.  :  Flathead  N.F.  :  Kootenai  N.F.  :  Lolo  N.F.  :  Philipsburq  R.D.  :  Lincoln  R.D.  :     Total 


A  Access 

56 

3 

C  Spring  tanks 

7 

2 

E  Water  transmission 

10 

2 

F  Dam  &  reservoir 

G  Other  water 

H  Fence 

52 

1 

STRUCTURAL  Subtotal 

39 

3 

J  Ground  preparation 

68 

5 

K  Seeding 

78 

9 

L  Fertilizer 

104 

8 

M  Water  retention 

N  Plant  control 

15 

1 

0  Rodent  control 
P  Miscellaneous 

1332.7 


20.5 


9.5 
15.6 
10.1 

1.2 

8.9 


Dollars/AUM 
54.8 
4.5 
2.0 


18.4 


3.0 


2.0 


172.3 
11.9 
10.5 


64.3 


25.0 
7.1 
9.3 
1.2 

11.4 


31.4 


9.0 


18.3 


2.2 


14.5 


2.2 


28.6 


12.1 


110.3 


1.3 
7.7 


20.4 


11.6 
106.6 
78.9 
26.0 
1.3 
12.4 

692.2 


NONSTRUCTURAL  Subtotal 
GRAND  TOTAL 


100.8 


19.0 


27.4 


4.3 


20.4 


32.2 


59.4 


31.4 


18.5 


2.5 


26.7 


16.0 
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PLANNING  AREA  3:  CENTRAL  MONTANA 


Planning  Area  3  stretches  300  miles  into  Montana  from  its  eastern  border  on  tine 
(intinental  Divide  and  about  ^00  miles  from  Wyoming  on  its  southern  edge  north  to 
Cinada.   It  included  a  quarter-million  people  in  1970,  the  largest  population  of  any 
fianning  Area  in  the  Region.   Of  the  6,^00  ranches  and  farms  in  the  Area,  11  percent  had 
prmlts  to  graze  on  the  four  National  Forests  including  the  Beaverhead,  Deerlodge,  Helena, 
cid  Lewis  and  Clark.   Selected  descriptors  of  the  Area  are  presented  in  table  3-1. 
licause  they  are  physically  more  similar  to  the  northwestern  Montana  National  Forests, 
■,ie  Philipsburg  and  Lincoln  Ranger  Districts  of  the  Deerlodge  and  Helena  National 
Jirests,  respectively,  are  included  in  Planning  Area  2. 

^    More  than  one-fourth  of  the  Region's  grazing  occurs  In  the  broad  valleys  of 
lanning  Area  3-   With  the  exception  of  the  grasslands  of  Planning  Areas  5A  and  5B, 
lis  Area  has  the  smallest  proportion  of  grazing  under  timber  canopies.   The  Beaverhead 
liJtional  Forest  dominates  the  Area  in  terms  of  grazing  capacity  and  use;  on  this  Forest, 
B  percent  of  the  Area's  grazing  capacity  is  concentrated  on  ^3  percent  the  Area's 
i-azing  acreage. 

Historical  Improvements 

In    the   past,    the   Area   has    received   more    than    its    proportionate    share   of    improve- 
bnts.      A   preponderance  of    the   basic    Improvements    required    for   any   grazing--the 
Dnstruction   of   catt leguards ,    stock    trails,    and    fencing--are   concentrated    here.      This 
jS  also   true  of   those    improvements   which   characterize    first-order   efforts    to    Improve 
pllization   of    forage--water    transmission,    ground    preparation,    rainwater    retention,    and 
lant   control.      At    least    in    part,    this    past    level    of    relatively    heavy    investment   was    no 
oubt   due    to    the   natural    productivity  of    the    land    for   grazing.      This    is    partly    reflected 
;n    the   presence  of    the    large   number   of   privately    financed    cabins,    barns,    corrals,    and 
jpading   chutes   on    the   Beaverhead. 


Table  3-1  .--Selected  descriptors  of  Planning  Area   3,   1975 


National    Forest 


Number  of 
al lotments 


Number  of 


permittees   :  acreage 


Total 
net 


Net  grazing  acreage 


Total 


Percent  under 
timber  canopy 


Current 
grazing 
capacity 


AUM 

Beaverhead 

199 

221 

2,132,209 

639,110 

23 

174,349 

Lewis  and  Clark 

160 

199 

1  ,906,535 

350,228 

29 

51  ,957 

Deerlodge 

94 

134 

787,300 

293,829 

43 

39,119 

Helena 

78 

132 

639,313 

210,188 

67 

33,624 

Planning  Area  Total 

531 

686 

5,465,357 

1  ,493,355 

35 

299.049 

Planning  Area   as 
percent  of 
Northern  Region 

28 

30 

23 

30 

-- 

28 

21 


Replacement  Costs  and  Productivity 

We  can   generally   trace   the   historical    costs  of  making   each   of   the   existing    improve 
ments.      However,    for   the   purpose  of  making   comparisons  with   proposals   for   future 
improvements,    we   have   developed    replacement    costs    by   valuing   on-the-ground    improvements 
at   today's   average   Planning  Area   costs,    as   determined    in  our   survey.      The    results  of 
these  calculations   are   shown    in   table   3"2. 

At    today's    prices,    the   existing    range    improvements    in    the   Area    represent    an    invest 
ment   of   almost    $10  million.      This    represents   about    ^3    percent   of    the    replacement    value 
of   all     Investments    that    have   been   made    in    the    Region.      Since   grazing   capacity    is   only 
slightly  more   than  one-quarter  of   the   Region's    total,    this   again   suggests    the   Planning 
Area   has   a    relatively   highly  developed    range    resource. 

Because    improvements    have   average   useful    lives   of   up    to   'tO   years,    it    is    necessary 
to  amortize   them  over   their    lifespans    to  determine   their   average   annual    costs.      The 
results   are   presented    in    the    last   column   of   table   3-2. 

We   can    now  calculate    the   productivity  of   current    improvements    by   comparing   annual 
replacement   costs    to  annual    AUM   supported: 

Grazing   capacity  299,0^9  AUM 

Total    amortized   cost 

of    improvements  $1,131,79^.00 

Cost    per   AUM  $  3.78 


Table  3-2. --Calculation  of  total   and  amortized  replacement  costs 
of  historical    improvements   in  Planning  Area  3 


Type  of 
improvement 


Existing 
number 


Replacement  cost 


Per  Unit 


Total 


Category 

replacement 

cost 


Useful 
life 


Amortized 

■■eplacement 

cost 


Dollars 


Dollars 


A  1  Cattleguard 

2  Stock  trail  (mi) 

3  Stock  bridge 

501 
189.4 
1 

B  Tanks 

C  Spring,  tanks 

D  Wells 

8 

1,072 

3 

E  Water  transmission  (mi) 
F  Dam  &  reservoir 
G  Other  water  dev. 

100.4 
95 
47 

H  Fence  (mi) 

3,155.3 

I   Cabin 
Barn 
Corral 

Loading  chute 
Dipping  vats 

11 

n 

30 
6 

4 

Structural  Subtotal 

J  Ground  preparation  (ac) 

522 

K  Seeding  (ac) 

777 

L  Fertilizer  (ac) 

522 

M  Water  retention  (ac) 

2,566 

N  Plant  control  (ac) 

172,690 

0  Rodent  control  (ac) 

12 

Nonstructural  Subtotal 

GRAND  TOTAL 

1,699 
1,043 
5,250 

851,199  ) 

197,544  } 

5,250  ) 

1,053,993 

1,296 

593 

1,293 

10,368  ) 

635,696  ] 

3,879  ) 

649,943 

2,208 
1,273 
1,500 

221,683  ) 

120,935  } 

70,500  ) 

413,118 

1,879 

5,928,809 

5,923,809 

5,000 

5,000 

1,000 

500 

500 

55,000 

55,000 

30,000 

3,000 

2,000 

8,190,863 

145,000 

13 

6,786 

6,786 

10 

7,770 

7,770 

10 

5,220 

5,220 

10 

25,660 

25,660 

10 

1,726,900 

1,726,900 

1 

12 

12 

1  ,746,688 

9,937,551 

Years 


40 


30 


30 


25 


10 


5 
30 

3 
30 
15 

5 


Dollars 
107,780 

68,946 

43,823 
653,168 

23,598 

897,315 

1.790 

824 

2,099 

2,722 

227,041 

3 

234.479 

1,131  ,794 
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Table  3-3.-- Historical  expend i_tu res  for  iiiiprovenients  i n 

Planning  Area  3  in  total  and  as  percentage  of 
total  expenditures  in  the  Northern  Region  hy 
sources  of  funds 


Expendi  tures 


Source  of  funds 

:   Dollars 

;      As 
:   expend 

percentage  of 
itures  in  Region 

Forest  Service  range 

improvements 

2,714,000 

66 

Other  Forest  Service 

1 ,090,800 

43 

Permittees 

1  ,796,600 

56 

ALL 

5,601,400 

57 

Past  Expenditures 

Past  expenditures  in  the  Planning  Area  amounted  to  57  percent  of  the  Region's  total 
nvestment  program  in  developing  grazing  resources  (table  3"3)  •   This  almost  $6  million 
umulative  investment  supports  only  28  percent  of  the  Region's  total  grazing  capacity. 

About  one-third  of  all  funds  (in  a  combination  of  cash  and  labor)  come  from  the 
ermittees.   Forest  Service  range  improvement  expenditures  accounted  for  about  one-half 
f  the  total,  while  other  Forest  Service  expenditures  account  for  the  balance.   There 
lere  considerable  differences  between  National  Forests  with  the  Beaverhead  and  Deerlodge 
ational  Forests  containing  most  of  the  investments. 

Proposed  Improvements 

The  17  Ranger  Districts  In  this  Planning  Area  provided  data  for  ^h   allotments.   The 
arge  number  of  allotments  sampled  reflects  an  increase  in  sampling  intensity  on  the 
Beaverhead  National  Forest  to  six  allotments  per  Ranger  District.   This  was  done  to 
■eflect  the  greater  grazing  opportunities  on  that  Forest.   The  proposed  improvements 
ire  presented  by  National  Forest  for  the  sampled  allotments  In  appendix  table  A-3. 
ilultiplying  those  figures  by  the  appropriate  sample  expansion  factors  gives  the  estimated 
total  investment  opportunities  in  table  3-^. 

The  total  improvements  for  the  Planning  Area  are   estimated  to  cost  about  $6  million, 
vith  over  60  percent  of  that  money  going  to  the  Beaverhead.   The  largest  expenditures 

are  proposed  for  fencing,  plant  control,  and  water  developments. 

I 

A  comparison  of  the  replacement  costs  of  historical  improvements  to  the  costs  of 
proposed  improvements  suggest  some  change  in  emphasis: 


Beplaaement  costs 
of  existing 
improvements 
(Percent) 


Cost  of 
proposed 
improvement!. 
(Percent) 


Structure  1 
Nonstructural 


82 
18 


72 
28 


It  is  likely  that,  given  the  past  substantial  investments  in  structural  improvements 
which  still  have  long  useful  lives,  more  attractive  opportunities  exist  in  direct 
ground  treatments. 
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Productivity  of  Proposed  Improvements 


Based  on  sample  data  we  can  associate  categories  of  proposed  improvements  v;ith 
Increases  in  grazing  capacity.   Because  grazing  capacity  is  an  annual  figure,  the  costs 
of  long-lived  improvements  must  be  amortized  over  their  useful  lives.   The  results  of 
these  calculations  are  shown  in  table  3"5. 

Finally,  we  can  calculate  the  annual  amortized  cost  of  producing  one  more  AUM. 
From  table  3-6  we  see  that  the  average  cost  per  additional  AUM  for  Planning  Area  3 
would  be  about  $8.00.   The  cost  would  be  least  on  the  Deerlodge  and  greatest  on  the 
■'-^averhead  National  Forest.   One  explanation  for  such  differences  is  the  Beaverhead 
.1  'onal  Forest  has  already  invested  in  the  more  productive  improvements:  only  the 
1 6-   orodijctive  ones  remain. 


3-5. --Amortized  cost  of  proposed  improvements  in  Planning  Area  3 


Type  of 

:  Lifespan 
:   in  years 

Annual  amortized  costs 

:  Planning 
:   Area 

improvement 

:  Beaverhead 

:  Lewis  S  Clark  :  Deerlodge 

Helena 

:   total 

Dol lars 


A  Access 

B  Rain  tanks 

C  Spring  tanks 

D  Wells 

E  Water  transmission 

F  Dam  and  reservoir 

G  Other  water  develop. 

H  Fence 

I  Miscellaneous 

STRUCTURAL  Subtotal 

J    Ground  preparation 

K    Seeding 

L    Fertilization 

N    Plant  control 

NONSTRUCTURAL  Subtotal 

GRAND  TOTAL 


40 
30 
30 
30 
30 
30 
30 
25 
10 


30 

3 

15 


23,923 

29,331 

1  ,03^ 

25,318 

2,758 

955 

193,657 


275,976 

4,116 
153,447 
103,733 


261 ,296 


5,147 
2,334 
16,037 
2,122 
9,120 
1,697 

58,032 
3,596 


93,095 

4,666 

2,292 

19,749 

11,054 


37,761 


47,661 


1  ,838 


6,196 
9,214 
8,780 


7,16f 


4,773 


1  ,305 


34,415  22,354 


46,544 

9,681 

973 

25,825 

18,702 


1,838  55,181 


42,434 

11  ,548 

58,921 

3,156 

35,743 

4,455 

955 

308,458 

3,596 

14,347 

7,381 

199,021 

135,327 


356,076 


338,272 


135,856 


49,499        101,725         825,342 
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PLANNING  AREA  4: 
CENTRAL  ROCKY  MOUNTAINS 


Planning  Area  ^4  extends  north  and  northwest  from  Yellowstone  National  Park  into 
central  Montana.   The  Area  is  characterized  by  rugged  and  steep  forested  slopes,  extend- 
ing from  the  Yellowstone  River  Valley  to  the  Gallatin  River  drainage.   The  highest 
mountain  in  Montana,  Granite  Peak,  is  included.   It  is  the  smallest  Planning  Area  in  the 
Region,  containing  only  the  Gallatin  National  Forest  and  the  Beartooth  Ranger  District 
of  the  Custer  National  Forest.   In  1970,  about  60,000  people  lived  within  the  Area. 
There  were  2,6^7  ranches  and  farms;  the  231  holders  of  permits  for  National  Forest 
grazing  were  10  percent  of  all  permittees  in  the  Region  (table  A-1). 

Historical  Improvements 

To  develop  the  current  modest  grazing  capacity  in  this  rugged  country,  investments 
were  required  in  providing  access,  water,  fencing,  and  ground  preparation  (table  ^4-2). 
These  kinds  of  improvements  result  in  about  h    percent  of  the  Region's  total  grazing 
capac  i  ty . 

Replacement  Costs  and  Productivity 

At  today's  costs,  these  historical  improvements  would  cost  almost  $750,000  to  re- 
place.  When  amortized  over  the  useful  life  of  the  improvements,  this  cost  averages 
about  $84,000  annually.   For  the  Planning  Area,  we  can  divide  this  annual  replacement 
cost  by  grazing  capacity  to  get  a  rough  index  of  current  productivity. 

Grazing  capacity         50,3^3  AUM 
Total  amortized  costs 

of  improvements  $83,853-00 

Cost  per  AUM  $     1 .67 

Past  Expenditures 

Past  expenditures  on  the  Gallatin  National  Forest  and  Beartooth  Ranger  District 
amounted  to  5  percent  of  the  Region's  total.   These  are  divided  among  contributors  as 
shown  in  table  A-3.   Almost  65  percent  of  these  funds  come  from  the  Forest  Service 
range  improvement  accounts  with  most  of  the  rest  coming  from  permittees. 

Proposed  Improvements 

The  seven  Ranger  Districts  in  this  Area  provided  sample  data  for  13  allotments. 
The  investment  opportunities  they  propose  are  listed  In  appendix  table  A-'*.   These 
opportunities  were  projected  for  the  entire  Planning  Area  by  using  the  sample  expansion 
factors  based  on  the  ratio  of  sampled  to  total  grazing  capacities.   The  total  physical 
improvements  and  their  costs  are  displayed  in  table  h-k.      The  estimates  total  about 
$920,000  for  the  Gallatin  National  Forest  and  $^+6,000  for  the  Beartooth  Ranger  District. 
Such  a  package  of  investments  will  increase  grazing  capacities  by  almost  12,000  AUM, 
that  Is,  by  one-fourth. 
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Table  4-1  .--Selected  descriptors  of  Planninci  Area  4,  1975 


Administrative  unit 


Number  of 
al lotments 


Number  of 
permittees 


Total  net 
acreage 


Net  grazing  acreage 


:   Percent  under 
Total   :  timber  canopy 


Current 

grazing 

capacity 


Gallatin  N.F. 
Beartooth  R.D. 
Planning  Area  Total 


Planning  Area 
as  percent  of 
Northern  Region 


170 

28 


198 


10 


199  1,369,119 

32  586,573 


231 


10 


297,056  47 

45,610 27 


1,955,692 


342,666 


44 


AUM 
35,836 
14,507 
50,343 


Table  4-2. --Calculation  of  total  and  amortized  replacement  costs  of  historical  improvements  in  Planning  Area  4 


Type  of 

:  Existing 
:   number 

Replacement  cost 

:    Category 
:  replacement 
:     cost 

Useful 
life 

:   Amortized 
:  replacement 

improvement 

Per  unit  :    Total 

:     cost 

Doll 

ars  -  -  -  - 

Dollars 

Years 

Dollars         j 

A  1  Cattleguard 

2  Stock  trail  (mi) 

3  Stock  bridge 

14 

32.2 
2 

1,112 
1,154 
5,250 

15,568 
37,159 
10,500 

63,227 

40 

6,466          ! 

C  Spring,  tanks 

155 

398 

61,690 

61 ,690 

30 

6,544 

E  Water  transmission  (mi) 

5.3 

433 

2,295 

2,295 

30 

243 

H  Fence  (mi) 

319.8 

1,713 

547,817 

547,817 

25 

60,352 

I  Cabin 
Barn 
Corral 

2 

1 
1 

5,000 
5,000 
1,000 

10,000 
5,000 
1,000 

691  ,029 

16,000 

10 

2,604 

Structural  Subtotal 

76,209 

J  Ground  preparation  (ac) 

404 

13 

5,252 

5,252 

5 

1,385 

K  Seeding  (ac) 

459 

10 

4,590 

4,590 

30 

487 

N  Plant  control  (ac) 

4,878 

9 

43,902 

43,902 

15 

5,772 

Nonstructural  Subtotal 

53,744 

7,644 

GRAND  TOTAL 

744,773 

83,853 

Table  4-3.--Hi storical  expenditures  for  improvements  in 

Planning  Area  4  in  total  and  as  percent  of  total 
expenditures  in  the  Northern  Region  by  sources  of 
funds 


Source  of  funds 


Expenditures 


Dollars 


As  percent  of  expenditures 
in  Region 


Forest  Service  range 

improvement 

287 

800 

Other  Forest  Service 

8 

000 

Permittees 

154 

400 

All 

450 

,200 

7 

Trace 

5 

5 
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Table  4-'l. --Total    proposed    iiiiprotfenicnts   tind   their  (.osts    lui-   IJdnniri_ij^  Area   •". 


T>()e  of 

:            Gallatin  fl.F.               :          ['.I'artooth   l:.ri.        : 

improvement 

:            Units      :        Cost          :      Units      :        (nst          : 

Dollars                                Dollars 

Dollars 

A 

1    Cattlpquard 

20 

21,000 

B 

5   Pit   tank 

10 

3,000 

C 

6  Spring,   wood   tan! 

30 

12,000 

7   Spring,  netal    tank 

1C9 

44, (190 

S  Spring,   plastu    tank 

20 

') ,  000 

29.  i 


37.3 
293.1 


E   13. Water   [lipe   (mi) 

G  16  Other  water  develoi). 

H   18   Fence,   allot,    boundary   (mi) 

19  Fence,  interior  (mi ) 

20  Fence,  water  source  (ri) 

STRUCTURAL  Subtotal 


K  4  Seeding  broadcast,  air  (ac)  4,471 
L  b  Fertl 1 i ze, prod,  (ac ) 

N  11  Plant  control,  burn  (ac) 

13  Plant  control,   chem.(ac) 

14  Plant   control ,   hand   (ac) 

P         Miscellaneous 
NONSTRUCTURAL   Subtotal 

GRAND  TOTAL 


12,913 


07,691 

620,62'. 

1  ,000 

677,319 


4,471 

44,710 

4,719 

32,278 

1,987 

9,935 

14,406 

134,120 

994 

1 9,800 

240,923 

918,242 


17.7 


PI  anning 

Total    f'rea 

Cost 

Dollars 

16 

,800 

37,800 
■(,000 

10 

,  500 

22,500 

44,090 

5,000 

12,913 

700 

70(J 
57,691 

17 

700 

538,325 
1  ,000 

45 

700 

723,019 

44,710 

32,278 

9,<J35 

134,120 

U',880 

240,923 


96!,  942 


In  Planning  Area  k,    a  shift  in  emphasis  between  historical  and  proposed  investments 
is  apparent: 


Replacement  costs  of 
existing  improvements 
(Percent) 


Cost  of  proposed 

improvements 

(Percent) 


Structural 
Nonstructura 1 


93 
7 


73 
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A  much  larger  share  of  future  expenditures  will  be  for  direct  ground  treatments.   The 
Beartooth  Ranger  District  continues  to  concentrate  almost  exclusively  on  structural 

improvements . 

Productivity  of  Proposed  Improvements 

When  the  costs  are   amortized  over  the  useful  lives  of  the  improvements,  we  find 
that  this  package  of  investments  is  roughly  equivalent  to  an  annual  investment  of 
$111,800.   The  underlying  calculations  are  given  in  table  A-5. 

As  expected,  the  costs  per  AUM  of  nonstructural  improvements  as  shown  in  table  ^-6 
are    substantially  higher  than  those  of  structures.   Overall,  production  costs  would  be 
far  lower  on  the  Beartooth  Ranger  District  than  on  the  Gallatin.   We  hypothesize  that 
this  is  probably  due  to  a  much  less  intensive  development  of  grazing  resources  on  the 
Beartooth:  there  Is  still  a  lot  of  undeveloped  grazing  capacity  and  water  av/aiting  the 
construction  of  basic  fences  and  access  facilities.   The  average  amortized  cost  per  AUM 
for  the  Area  is  $9.60. 
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jable  4-5 .--Amortized  cost  of  proposed  improvements  in  Planning  Area  4 


Type  of 

:    Lifespan 
:    in  years 

Anr 

lual    amortized 

cost 

improvement 

:Ganatin  N.F. 

:  Bea 

rtooth  R.D. 

PI 

anninq  Area   Total 

' 

A     Access 

40 

2,147 

1,718 

3,865 

B     Rain  tank 

30 

318 

318 

C     Spring  tanks 

30 

6,480 

1  ,114 

7,594 

E     Water  transmission 

30 

1,370 

1,370 

G     Other  water 

30 

74 

74 

H     Fence 

25 

57,356 

1,950 

59,306 

STRUCTURAL  Subtotal 

67,671 

4,856 

72,527 

K     Seeding 

30 

4,743 

4,743 

L     Fertilization 

3 

12,979 

12,979 

N     Plant  control 

15 

21,553 

21,553 

rWNSTRUCTURAL  Subtotal 

39,275 

39,275 

GRAND  TOTAL 

106,946 

4,856 

111,802 

Table  4-6.--Additional  grazing  capacity  and  cost  per  additional  AUM  of  proposed  improvement  in 
Planning  Area  4 


Type  of 
improvement 


Total  additional  AUM 


:  :  Planning 

Gallatin  N.F. :  Beartooth  R.D. :  Area  Total 


Annual  amortized  cost 
per  additional  AUM 


Planning 
Gallatin  N.F.:  Beartooth  R.D. :  Area  Total 


-   -  AL[ 

VI              _      _ 

nnl  1  afc /flllM    -     - 

A     Access 

0 

191 

191 

~ 

9.0 

20.2 

B     Rain  tank 

79 

79 

4.0 

4.0 

C     Spring  tanks 

1,977 

375 

2,352 

3.3 

3.0 

3.2 

E     Water  transmission 

199 

199 

6.9 

6.9 

G     Other  water 

35 

35 

2.1 

2.1 

H     Fence 

5,553 

764 

6,417 

10.2 

2.6 

9.2 

STRUCTURAL  Subtotal 

7,908 

1 

,365 

9,273 

8.6 

3.6 

7.8 

K     Seeding 

646 

646 

7.3 

7.3 

L     Fertilization 

894 

894 

14.5 

14.5 

N     Plant  control 

825 

825 

26.1 

26.1 

NONSTRUCTURAL  Subtotal 

2,365 

2,365 

16.6 

16.6 

GRAND  TOTAL 

10,273 

1 

,365 

11,638 

10.4 

3.6 

9.6 

30 


PLANNING  AREAS  5A  AND  5B:  EASTERN 
MONTANA  AND  THE  DAKOTAS 


Planning  Areas  5A  and  5B  are  both  administered  by  tine  Custer  National  Forest  {the 
Beartooth  Ranger  District  of  the  Custer  is  included  in  Planning  Area  A).   The  Areas  are 
administered  separately  because  they  are  spread  over  a  very  large  area;  5A  includes  the 
high  plains  of  eastern  Montana,  and  5B  the  plains  of  the  Dakotas.   Area  5B  includes  the 
Cheyenne,  Cedar  River,  and  Little  Missouri  National  Grasslands  in  North  Dakota  and  the 
Grand  River  National  Grasslands  in  South  Dakota. 

In  1970  there  were  about  135,200  people  and  3,900  farms  and  ranches  in  Area  5A; 
there  were  half  as  many  people  in  Area  5B,  but  6,500  farms  and  ranches.   That  this  is 
ranching  country  is  again  emphasized  in  the  statistics  in  table  5-1.   Together,  the 
Planning  Areas  have  60  percent  of  the  Region's  grazing  capacity  on  one-third  of  the 
Region's  grazing  acreage  and  only  7  percent  of  the  total  National  Forest  acreage.   The 
key  is  simply  the  openness  of  the  range;  there  Is  little  timber.   As  a  consequence, 
while  on  the  average  in  the  Region  more  than  ^4  acres  are  required  to  support  one  AUM, 
in  areas  5A  and  5B  only  3  and  2  acres  per  AUM  are  required,  respectively. 


Table  5-1 . --Selected  descriptors  of  Planning  Areas  5A  and  5B,  1975 


Ranger  District 


Number  of 
al lotments 


Number  of 
permittees 


Total  net 
acreage 


Net  grazing  acreage 


Total 


Percent  under 
timber  canopy 


Current 

Grazing 

capacity 


Planning  Area  as  percent 
of  Northern  Region 


10 


AUM 


Ashland 

27 

41 

207,507 

156,066 

36 

58,300 

Fort  Howes 

25 

36 

230,231 

230,151 

16 

56,045 

Sioux 

5A 

Total 

64 

84 

162,889 

120,519 

35 

50,200 

Planning  Area 

116 

161 

600,627 

506,736 

27 

164,545 

14 


Grand  River 

77 

131 

161,927 

154,649 

0 

63,903 

Medora 

266 

262 

524,452 

523,282 

0 

222,945 

McKenzie 

206 

194 

501 ,000 

375,900 

3 

206,130 

Sheyenne 

Area 

5B 

Total 

59 

99 

70,340 

69,507 

Trace 

64,442 

Planning 

608 

686 

1,257,719 

1  ,123,338 

1 

557,420 

Planning  Area  as  percent 
of  Northern  Region 


32 


30 


22 


47 


31 
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Historical  Improvements 


Although  grazing  can  take  place  on  unimproved  open  range,  some  improvements  are 
necessary  for  administrative  control,  to  protect  the  range  resource,  and  to  increase 
grazing  capacity.   On  the  Custer  National  Forest  minus  the  Beartooth  Ranger  District, 
as  shown  in  table  5"2,  most  attention  has  been  focused  on  developing  water  sources  and 
fences.   Most  of  the  entire  Region's  water  development  investments  have  occurred  here. 
In  conjunction  with  this  water  development,  fertilization  and  seeding  have  been  important 
to  increase  forage  production,  and  corrals  have  been  built  by  the  permittees  to  facillt- 
jate  herd  management. 

Replacement  Costs  and  Productivity 

By  applying  current  costs  of  construction  and  treatment  to  the  historical  improve- 
ments, we  derived  the  replacement  costs  of  those  improvements  in  table  5-2.   They  total 
about  $10  million  with  structures  alone,  particularly  water  developments  and  fencing, 
.nearly  accounting  for  the  total.   By  amortizing  these  costs  over  the  useful  lives  of 
|the  improvements,  we  learn  that  their  average  annual  cost  is  over  $1  million. 

We  can  now  calculate  the  productivity  of  these  improvements  by  comparing  their 
annual  amortized  costs  to  the  (annual)  AUM  they  support: 


Graz  ing  capac  i  ty 
Total  amortized  cost 

of  improvements 
Cost  per  AUM 


Area  5A 

164,5^5  AUM 

$403,2^1 .00 
$      IM 


Area  5B 

557,^20  AUM 

$685,877.00 
$     1.23 


These  very  low  costs  per  AUM  reflect  the  natural  productivity  of  the  Custer  Nationa 
Forest.   The  low  costs  in  Area  5B  may  reflect  failure  to  completely  account  for  all 
range  improvement  practices  on  the  Natural  Grasslands  prior  to  the  Forest  Service 
admi  n  i  strat ion . 


Past  Expenditures 

Expenditures    related    to    range  management   on    the    Custer    National    Forest    (excluding 
Jeartooth    Ranger    District)    over    the   years    have    totaled    nearly    $2.2   million    (table   5-3) 

Table  5-3. --Historical  expenditures  for  improvements  in  Planning  Areas 
5A  and  5B  in  total  and  as  percent  of  total  expenditures  in 
the  Northern  Region  by  sources  of  funds 


Source  of  funds 


Expenditures 


Dol lars 


As  percent  of 
expenditures  in  Region 


Percent 


Forest  Service  range 
improvement 

Other  Forest  Service 

Permi  ttees 

ALL 


735,600 

568,500 

865,200 

2,169,300 


18 
23 
27 
15 
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Only  on  the  Beaverhead  National  Forest  has  more  money  been  spent.  But  because  of  less 
productive  range  there,  the  Custer  has  produced  many  more  AUM  per  dollar  spent.  Permi 
tees  have  contributed  a  substantial  share  of  the  improvements. 

Proposed  Improvements 

A  more  intensive  sample  was  made  in  Planning  Areas  5A  and  5B  to  reflect  their 
greater  share  of  the  Region's  grazing  capacity.   Proposed  improvements  are  summarized 
for  the  62  sampled  allotments  by  each  of  the  two  Planning  Areas  in  appendix  table  A-5. 
Multiplying  these  sample  figures  by  the  appropriate  expansion  factors  gives  the  esti- 
mated total  investment  opportunities  presented  in  table  5"^.   About  $12.6  million  has 
been  suggested  for  the  two  Areas  combined. 

Table  5-4. --Total  proposed  improvements  and  their  costs 


for  Planning  Areas 

5A  and  5B 

Type  of               : 

Planning  Area  5A 

: 

Planninj^ 

Area  58 

improvement             : 

Units 

Cost 

: 

Units 

Cost 

Dollars 

Dollars 

A  1  Cattleguard 

74 

94,350 

117 

174,330 

B  5  Pit  tank 

64 

51,782 

C  6  Spring,  wood  tank 

7  Spring,  metal  tank 

8  Spring,  plastic  tank 

107 

228 

100,544 
68,400 

6 

35 
12 

6,000 
38,500 
12.000 

D  10  Well  ,  windmill 
n  Well ,  pump 

48 
52 

280.615 
707,943 

23 
170 

1 

11.500 
.590.965 

E  13  Water  pipe  (mi) 

442.6 

1,371,784 

1 

.275.4 

5 

.918.582 

F  15  Dam  &  reservoir 

22 

33,000 

88 

103,840 

H  17  Fence,  boundary  (mi) 

18  Fence,  allot, 
boundary  (mi) 

19  Fence,  interior  (mi) 

20  Fence,  water  source  (mi) 

148.7 

71.8 

175.6 

9.2 

289,439 

132,554 

317,350 

18.402 

3,414,381 

23.4 
461.3 

8 

37.440 
871 ,608 

STRUCTURAL  Subtotal 

,816,547 

J  1  Ground  prep,  plow  (ac) 
2  Ground  prep,  burn  (ac) 

11 
6 

,709 
,499 

35,127 
6,759 

K  5  Seeding,  normal  (ac) 
6  Seeding,  interseeding  (ac 

11 

5 

,709 
.855 

23,418 
11,710 

L  7  Fertilize,  estab.  (ac) 
8  Fertilize,  prod,  (ac) 

1,840 

16.560 

11 
22 

,709 
,247 

46,836 
77,197 

M  10  Water  retention  (ac) 

11 

.124 

53,284 

N  11  Plant  control,  burn  (ac) 
13  Plant  control,  chem.  (ac) 

9.201 
736 

25.855 
8.832 

2 

,225 

27,812 

0  15  Rodent  control  (ac) 

937 

9 

2,342 

NONSTRUCTURAL  Subtotal 

51.247 

284,485 

GRAND  TOTAL 

3,465,628 

.101,032 

3k 


As  has  been  true  in  the  past,  structures  are  seen  as  offering  the  major  investment 
opportunities  on  both  Planning  Areas.   There  has  been  some  shift  toward  investments  in 
direct  ground  treatments: 


St  ructural 
Nonst  ructura 1 


Eeplaaement  costs  of 
existing  improvements 
(Percent) 

99+ 
Trace 


Costs  of  proposed 
improvements 
(Percent) 

97 
3 


A  larger  share  of  Area  5A's  proposed  expenditures  (99  percent)  would  be  used  to  build 
structures  than  in  Area  5B  (97  percent).   As  in  the  past,  most  attention  remains  focused 
on  developing  water  resources  and,  most  particularly,  in  pipes  to  spread  the  available 
water  more  evenly  over  the  rangelands.   Apparently,  practices  to  improve  the  productivity 
of  the  range  are  not  needed  at  this  time,  unlike  the  rest  of  the  Region.   That  is,  here 
the  limiting  factor  appears  to  be  water,  not  forage  for  most  of  the  two  Areas. 

Productivity  of  Proposed  Improvements 

To  estimate  productivity  of  the  proposed  investments,  we  need  in  addition  to  the 
costs  of  those  investments  the  increase  in  grazing  capacity  each  will  produce.   Because 
our  estimates  of  capacity  are   on  an  annual  basis,  we  must  also  put  investment  costs  on 
an  annual  basis.   The  results  of  these  calculations  are  shown  in  table  5-5-   Dividing 
the  amortized  investment  costs  by  increases  in  capacity  (table  5-6)  provides  the  esti- 
mated cost  per  additional  AUM. 


Table  5-5 .--Amortized  cost  of  proposed  improvements  in 
Planning  Areas  5A  and  5B 


Type  of 
improvement 


NONSTRUCTURAL  Subtotal 
GRAND  TOTAL 


Li  fespan 
in  years 


Annual  amortized 
costs 


PI anning : Planning 
Area  5A  :   Area  5B 


-    -   -   -   Dollars 

A     Access 

40 

9,648 

17,827 

B      Rain   tanks 

30 

5,493 

C     Spring  tanks 

30 

17,921 

5,993 

D     Wells 

30 

104,866 

169,988 

E     Water  transmission 

30 

145,518 

627,840 

F     Dam  and   reservoir 

30 

3,501 

10,015 

H     Fence 

30 

80,381 

96,431 

STRUCTURAL  Subtotal 

361,835 

933,587 

J     Ground   preparation 

5 

11,049 

K     Seeding 

30 

3,726 

L     Fertilizer 

3 

6,659 

49,874 

ri     Water  retention 

30 

5,652 

N     Plant  control 

25 

3,821 

3,064 

0     Rodent  control 

5 

618 

10,480 


73,983 


372,315    1,007,570 
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Table  5-6. --Additional  grazing  capacity  and  cost  per  additional  AUM  of  proposed 
improvements  in  Planning  Areas  5A  and  5B 


Type  of 
improvements 


nONSTRUCTURAL  Subtotal 
GRAND  TOTAL 


Total  additional  AUM 


Planning 
Area  5A 


Planning 
Area  5B 


Annual  amortized  cost 
per  additional  AUM 


,443 


17,129 


42,161 


165,936 


Planning   :   Planning 
Area  5A   :    Area  5B 


37 

0 

A     Access 

260.8 

-- 

B     Rain  tanks 

4,174 

1.3 

C     Spring  tanks 

1,583 

3,519 

11.3 

1.7 

D     Wells 

9,010 

13,864 

11.6 

12.3 

E     Water  transmission 

14,796 

83,867 

9.8 

7.5 

F     Dam  and  reservoir 

1,564 

6,364 

2.2 

1.7 

H     Fence 

13,728 

37,019 

5.9 

2.6 

STRUCTURAL  Subtotal 

40,718 

148,807 

8.9 

6.3 

J     Ground  preparation 

4,918 

2.2 

K     Seeding 

2,681 

1.4 

L     Fertilizer 

328 

7,716 

20.3 

6.5 

M     Water  retention 

1,674 

3.4 

n     Plant  control 

1,115 

140 

3.4 

21.9 

0     Rodent  control 

0 

— 

7.3 


4.3 


6.1 


Contrary  to  other  Planning  Areas,  the  costs  of  increasing  capacity  through  ground 
treatments  is  lower  than  through  building  structures.   it  is  worth  reemphas  iz  i  ng ,  thouglil 
that  some  combination  of  both  l<inds  of  improvements  is  more  productive  than  just  fi- 
nancing one  kind,  once  the  intensity  of  management  has  gone  beyond  just  using  nature's 
bounty.   The  total  costs  per  AUM  on  these  Planning  Units  are    $8.8  per  AUM  on  Area  5A, 
and  $6.1  per  AUM  on  Area  5B. 
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SUMMARY  FOR  NORTHERN  REGION 


For  the  entire  Northern  Region,  opportunities  now  exist  to  invest  $23,320,000  in 
increasing  the  annual  grazing  capacity  on  the  National  Forests  by  more  than  360,000  AUM. 
Historical  investments  in  ground  (nonstructural)  treatments  and  in  structures  now  exist- 
ing are  estimated  to  cost  $23,250,000  at  today's  prices.   The  current  annual  grazing 
capacity  is  about  1,175,000  AUM. 

Proposed  and  Historical  Improvements 

Because  we  have  valued  all  physical  improvements  at  current  prices,  it  is  possible 
to  compare  those  improvements  in  terms  of  investment  costs.   The  costs  of  all  improve- 
ments by  category  and  Planning  Area  are  summarized  in  tables  S-1  and  S-2. 

Structural  Inrprovements 

Although  the  total  proposed  and  historical  costs  of  structural  improvements  are 
roughly  the  same,  significant  differences  in  the  elements  of  these  totals  can  be  seen 
by  examining  individual  categories  of  improvements.   The  last  column  of  table  S-1 
provides  a  rough  index  of  shifting  priorities.   Most  notably,  far  less  emphasis  is 
placed  on  proposed  fencing  and  developing  water  resources,  while  expenditures  for  water 
transmission  would  be  greatly  increased.   This  is  especially  apparent  on  the  easternmost 
Planning  Areas,  5A  and  5B,  which  are,    essentially,  the  Custer  National  Forest.   In  con- 
trast, fencing  would  receive  a  substantially  Increased  share  of  Investment  funds  on  the 
western,  forest-dominated  Planning  Areas. 

Comparing  Planning  Areas  Indicates  that  most  Planning  Areas  would  like  to  increase 
or  at  least  maintain  past  investment  levels  for  structural  improvements.   In  contrast, 
In  Planning  Area  3,  dominated  by  the  Beaverhead  National  Forest,  most  structures  are 
apparently  already  In  place  and  relatively  little  additional  construction  has  been 
proposed . 

Nonstructural  Improvements 

The  situation  is  quite  different  when  proposed  expenditures  for  directly  Increasing 
forage  production  are  considered.  For  nearly  every  category  of  Improvement  and  for  all 
Planning  Areas  except  one,  substantial  increases  In  Investment  have  been  proposed 
(table  S-2).  Perhaps  twice  as  many  acres  would  be  treated  in  the  future  as  previously, 
with  emphasis  on  plant  control  and  fertilization  In  the  east  and  on  seeding,  fertiliza- 
tion, and  plant  control  in  the  west.  As  was  true  for  structural  improvements,  Planning 
Area  3  has  proposed  the  lowest  level  of  new  investments  relative  to  old  investments. 
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Relative  Productivity  of  Improvements 

i 

When  nonstructural  and  structural  improvements  are  combined,  the  kinds  of  differ-   j 
ences  between  historical  and  proposed  improvements  noted  above  again  can  be  seen        ' 
(table  S-3)   Most  historical  and  proposed  improvements  are  associated  with  Planning 
Areas  3,  5A,  and  5B,  essentially  the  Beaverhead  and  Custer  National  Forests.   The 
Beaverhead  is  unique,  for  while  its  proportion  of  total  proposed  expenditures  would  be 
less  than  its  proportion  of  historical  expenditures,  its  share  of  total  added  capacity 
would  be  greater  than  its  share  of  current  capacity.   The  explanation  is  that  past 
expenditures  have  been  far  more  intensive  relative  to  grazing  capacity  than  anywhere 
else  in  the  Region.   Given  those  improvements,  relatively  small  further  investments 
would  be  quite  productive. 

It  is  apparent  that  Planning  Areas  1,  2,  and  h   contribute  relatively  little  to 
Regionwide  grazing  capacity.   As  a  reflection  of  relatively  modest  natural  productivity 
and  past  investments  and  short  seasons  when  grazing  is  possible,  the  proposed  substan- 
tial increases  in  expenditures  would  not  contribute  proportionally  to  the  expected 
total  Increase  in  the  Region's  grazing  capacity. 

Just  looking  at  the  total  costs  of  improvements  can  be  misleading  because  these 
totals  are  dominated  by  expenditures  for  structures  which  have  long,  useful  lives.   Whenn: 
the  costs  of  long-lived  improvements  are  appropriately  amortized,  we  can  determine  the 
average  cost  of  producing  one  AUM,  as  summarized  In  table  S-'4. 

A  comparison  of  the  last  two  columns  shows  that  the  average  cost  per  AUM  in  the 
past  has  been  less  than  the  average  cost  per  AUM  for  the  proposed  capacity  increase. 
This  is  to  be  expected,  for,  to  this  point,  reliance  has  been  much  greater  on  nature's 
bounty;  to  a  large  extent,  undeveloped  grass  and  water  resources  have  determined  capac- 
ity.  Increasing  that  capacity  requires  a  capital-intensive  program  of  development 
which  Is  more  expensive  per  AUM  produced. 

With  two  exceptions,  the  additional  cost  of  adding  one  AUM  decreases  from  west  to   | 
east  within  the  Region.   This  reflects  the  natural  productivity  and  forest  cover  of  the 
land.   Planning  Area  3  does  not  fit  because  of  exceptionally  high  levels  of  investment 
in  the  past,  as  mentioned  earlier. 


Table  S-3. --Distribution  of  current  and  proposed  grazing  capacities  and  proportion  of  current 
costs  for  historical  and  proposed  range  improvements  by  Planning  Areas 


PI  anning 
Area 


Historical 


Current 
capacity 


Percent  of 

current 
capacity 


Percent  of 

costs  of 

improvements 


Proposed 


Additional 
capacity 


Percent  of 

additional 

capacity 


Percent  of 

costs  of 

improvements 


AUM 

Percent 

Percent 

AUM 

Percent 

Percent 

1 

52,767 

4.5 

3.2 

20,650 

5.7 

6.7 

2 

50,838 

4.3 

6.8 

21,473 

5.9 

9.9 

3 

299,049 

25.4 

42,8 

102,717 

28.2 

25.6 

4 

50,343 

4.3 

3.2 

11,638 

3.2 

3.9 

5A 

164,545 

14.0 

16.3 

42,161 

n.6 

14.9 

5B 

557,420 

47.5 

27.6 

165.936 

45.5 

39.0 

Northern 

Region 

1,174,962 

100.0 

100.0 

364,575 

100.0 

100.0 

uo 


Table  S-4.- -Additional  amortized  cost  of  stru ctural  and  nonstructural 

Improvements  per  additional  AUM  and  average  amortized  proposed 
and  replacement"  cost  per  AUM  by  PlarurTrig  Area  (Dollars) 


Planning 
Area 


Structural 
improvements 


Additional  Cost  per  AUM 
Proposed  improvements 


Nonstructural 
improvements 


Total 


Average  Cost  per  AUM 


Historical 
improvements 


Total 


Proposed 
improvements 


Total 


1 

7.1 

2 

11.6 

3 

5.9 

4 

7.8 

5A 

8.9 

5B 

6.3 

Northern 

Reg 

ion 

6.9 

24.1 

15.0 

1.7 

32.2 

16.0 

3.4 

15.8 

8.0 

3.8 

16.6 

9.6 

1.7 

7.3 

8.8 

2.4 

4.3 

6.1 

1.2 

14.9 

8.1 

2.2 

5.4 
7.2 
4.9 
3.2 
3.8 
2.3 
3.6 


j  An  Economic  Supply  Curve 

Based  on  the  information  presented  above  by  Planning  Area,  we  can  now  develop 
iipprox  imate  relationships  between  additional  grazing  capacities  that  might  be  produced 
jn  the  Region  and  additional  costs. 

If  we  assume  that  the  least-cost  Planning  Area  will  be  entirely  funded  as  a  unit 
)efore  the  next  Area  is  funded,  the  relationship  would  be  as  in  table  S-5. 

Because  local  considerations  rule  out  the  chance  that  Planning  Areas  would,  in 
'act,  be  entirely  funded  one  at  a  time,  this  approach  is  not  satisfactory.   Such  a  level 
)f  aggregation  also  hides  the  variation  in  the  productivity  of  particular  kinds  of  in- 
/estments  within  Planning  Areas. 

'     An  approach  more  demanding  of  information  is  to  establish  the  relationships  between 
additional  grazing  capacity  and  specific  kinds  of  investments  and  their  costs,  regard- 
less of  the  administrative  unit  in  which  they  would  occur.   This  is  the  approach  taken 
in  table  S-6. 

We  do  not  feel  it  would  be  useful  at  this  point  to  further  analyze  our  data  in  an 
attempt  to  provide  a  guide  for  specific  investment  decisions,  though  such  a  guide  is 
sorely  needed.   Our  information  simply  is  not  good  enough.   However,  the  data  in  table 
S-6  do  strongly  suggest  the  categories  of  investments,  by  Planning  Areas,  that  most 
demand  further  investigation. 

An  approximation  of  a  standard  economic  supply  curve  for  the  Region  is  shown  In 
figure  2.  Based  on  table  S-6,  this  curve  summarizes  the  costs  of  increasing  grazing 
capacity  by  successive  increments.   It  suggests,  for  example,  that  if  the  value  of  an 
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Table  S-5.--Re1ationships  between  additional  grazing  capacity  and 
costs,  assuming  Planning  Areas  are  funded  as  units 


Total   amortized  cost 

Planning 

Amortized  cost   per 

Increase   in 

■     Total    additional 

of  additional 

Area 

additional   AUM 

grazing  capacity 

grazing  capacity 

grazing  capacity 

5B 

3 

5A 

4 

1 

2 


Dollars 
6.1 
8.0 


9.6 
15.0 

16.0 


AUM 
165,936 
102,717 
42,161 
11,638 
20,650 
21,473 


AUM 
165,936 
268,653 
310,814 
322,452 
343,102 
364,575 


Dollars 
1  ,007,570 
1  ,832,912 
2,205,227 
2,317,029 
2,626,715 
2,969,411 


Table  S-6. --Relationships  between  additional  grazing  capacity  and  costs,  assuming  categories 
of  improvements  within  Planning  Areas  are  funded  as  units 


Planning 
area 


Improvement 


Category 


Amortized  cost  per 
additional  AUM 


Current  cost  of 

Increase   in 

Tota 

1    additional 

additional    grazing 

grazing  capacity 

grazing  capaci 

ty 

capacity 

AUM 

AUM 

Dollars 

17,129 

17,129 

284,485 

80,123 

97,252 

4,318,932 

148,807 

246,059 

8,816,547 

11,061 

257,120 

712,346 

1,443 

258,563 

51,247 

9,273 

267,836 

664,328 

40,718 

308,554 

3,414,381 

16,946 

325,500 

1,826,093 

22,594 

348,094 

1,648,229 

2,365 

350,459 

241,623 

9,589 

360,048 

861,254 

4,527 

364,575 

486,078 

Total  current  cost 
of  additional 
grazing  capacity 


5B 

Nonstructural 

3 

Structural 

5B 

Structural 

1 

Structural 

5A 

Nonstructural 

4 

Structural 

5A 

Structural 

2 

Structural 

3 

Nonstructural 

4 

Nonstructural 

1 

Nonstructural 

2 

Nonstructural 

Dollars 


4 

3 

5 

9 

6 

3 

7 

1 

7 

3 

7 

8 

8 

9 

11 

6 

15 

8 

16 

6 

24 

1 

32 

2 

Dollars 
284,485 
4,603,417 
13,419,964 
14,132,310 
14,183,557 
14,847,885 
18,262,266 
20,088,359 
21,736,588 
21.978,211 
22,839,465 
23,325,543 


AUM  produced  on  National  Forests  in  the  Region  is  in  the  neighborhood  of  $^.00,'*  no 
expansion  of  grazing  capacity  would  be  warranted.   On  the  other  hand,  if  an  AUM  were 
valued  at  $U.60,^  then  about  325,500  AUM  more  could  be  efficiently  produced.   Supply 
curves  for  specific  Planning  Areas,  which  could  better  consider  local  conditions,  were 
not  constructed  because  of  the  reservations  expressed  above  about  the  basic  study  data. 

It  is  likely  that  the  supply  curve  shown  in  figure  2  is  slightly  low,  that  is, 

actual  costs  for  given  additional  grazing  capacities  in  reality  would  be  somewhat  higherf, 

The  costs  derived  in  this  study  omit  the  Forest  Service  costs  for  general  management  anc 
admi  n  i  strat  ion. 


Based  on  private  lease  rates  adjusted  to  reflect  differences  in  operating  and  har- 
vesting costs  as  calculated  by  Sassaman  and  Fight  (1975,  p.  187). 

Based  on  market  value  of  beef  minus  costs  from  the  hoof  to  the  market  as  calculated 
by  USDA  Forest  Service  (1976,  p.  BBB-5). 
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Figure   2.  — Eoonomic 
supply  curve  for 
grazing  in  the 
Northern  Region. 
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Public  Versus  Private  Funding 

jj     Aside  from  information  concerning  the  values  and  development  costs  associated  with 
DOtential  improvements,  at  least  one  other  issue  is  critical  in  determining  the  desir- 
able level  and  composition  of  investments  in  range  improvements  on  the  National  Forests. 
This  is  the  source  of  investment  funds,  for  some  would  come  from  Forest  Service  appro- 
priations and  some  from  the  individual  permittees. 

By  administrative  directive  the  Forest  Service  must  evaluate  investments  in  range 
development  at  a  10  percent  rate  of  return  while  the  returns  required  by  permittees  for 
investments  to  be  desirable  vary  a  good  deal,  but  are  essentially  unknown.   In  the  pre- 
sent study,  because  only  those  improvements  which  would  be  attractive  to  the  permittees 
were  proposed,  we  assume  they  would  earn  a  satisfactory  return  on  their  investments. 
If  that  is  the  case,  and  the  economic  attractiveness  of  the  total  investment  is  of 
concern,  then  the  economic  supply  curve  given  above  is  useful.   If  just  the  perspective 
of  the  Forest  Service  is  considered,  the  "correct"  economic  supply  curve  would  be  some- 
what different,  depending  upon  the  cost  borne  by  the  Forest  Service  for  specific  cate- 
gories of  investment  in  specific  Planning  Areas. 

The  Forest  Service  proportions  of  historical  and  proposed  expenditures  are    present- 
ed in  table  S-7.   About  two-thirds  of  all  range  Improvement  costs  in  both  instances  have 
been  paid  by  the  Forest  Service.   To  the  extent  that  the  proportions  funded  by  the  per- 
mittees are  expressions  of  local  economic  importance,  those  proportions  also  provide  a 
crude  index  of  local  concern. 
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Table  S-7. --Proportion  of  historical  and  proposed 
range  improvement  costs  funded  by  the 
Forest  Service  (percent] 


Historical 

Proposed 

Planning 

Area    : 

proportion 

proportion 

1 

84 

82 

2 

67 

72 

3 

68 

69 

4 

66 

55 

5A 

77 

52 

5B 

52 

72 

Northern 

Region 

68 

68 

PUBLICATIONS  CITED 
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APPENDIX  A 
Tables  A-1  through  A-6 
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Appendix 

Table 

A-1. -Pro 

posed  improvements, 

averane 

unit  costs,  and 

expected  additional 

grazing 

capacity  for 

sampled  a 

ilotments 

by  National  Forest 

s  in  F'l 

arninq  Area  1 ,    | 

of 
BPient 

:     CI 

earwater 

N.F. 

:    Panhandle  N.F. 

N 

ezperce  N 

.F. 

Type 

Improv 

:  cost/ 
:  unit 

:  units  : 

added 
capacity 

:  cost/  : 

:  unit  : 

:  added 
units  :  capaci 

t,y  : 

cost/ 
unit 

:  units  : 

added 
capacity 

STRUCTURAL 

(1) 

AUM 

(i) 

AUfI 

(1) 

AUM 

A.  1 
2 
3 

2,556 

417 

9) 

6 

82 

2,250 

4       20 

995 
1,000 
5,250 

'i! 

420 

C.  7 

500 

7 

58 

478 

9 

1,037 

F.15 

1,200 

4 

58 

200 

1 

96 

G.16 

157 

7 

37 

H.17 
18 
19 
20 

2.296 

1.543 

827 

5,000 

2.7 

7.0 

15.0 

1.0 

200 

1.5C0 
1,667 
1,574 

2.0    127 

3.0 

4.7 

1,000 

1,182 

925 

10.0 

5.5 

35.5 

790 

1.22 

5,000 

— 

6 

11,000 

0 

NONSTRUCTURAL 

J.  1 

100 

5 

7 

K.  3 
4 
6 

40 
5 

5) 
2,000> 

117 

15 
20 
10 

20) 

1,400} 

200) 

966 

L.  7 

8 

10 
17 

2.800/ 

255 

52 

500/ 

259 

N.ll 
12 
13 
14 

200 

16 

50 

15 

1,305 
300) 

84 

35 

657      161 

50 
30 

200 
1,420 

647 

0.15 

10 

100 

2 

20 

25 

4 

Q.16 

14.000 

~ 

62 

3,500 

23 

ke 


Appendix  Table  A-2.-- Improvements  proposed  for  sampled  allotments,  average 

unit  costs,  and  expected  additional  grazing  capacity 
in  Planning  Area  2 


Flathead  N.F. 


Type  of 

improvement 


Cost/ 
unit 


"Dollars 


Bitterroot  N.F. 
~  i    Added 

Units  :  capacity 


Cost/ 

unit 

Dollars 


1,700 


Units 


Added 
capacity 


AUM 


STRUCTURAL 

A     1 
2 
3 

1,762.50 
1,000 

I) 

33 

C     6 
7 

266.67 

18 

72 

E  13 
14 

1,250 
2,500 

n 

51 

F  15 

G  16 

H  17 
18 
19 
20 

2,000 
3,186.21 
2,514.29 
2,000 

5 
14. 
24. 

• 

^                252 
75) 

NONSTRUCTURAL 

J     2 

60 

30 

7 

K     4 
6 

15.71 
10 

565  \ 
1,500  1 

32 

L     7 
8 

1.67 
9 

1,500  \ 
565  J 

29 

M     9 

N  11 
12 
13 
14 

2 

10 

25 

5,000 
300 

74  ' 

129 

0  15 

.70 

250 

0 

P  16 

AUM 


1,890 
1,890 


122 


^7 


Appendix  Table  A-2.  — Continued 


Kootenai 

n.F. 

Lolo  N.F. 

Type  of 

improveniGnt 

:     Cost/ 
:     unit 

:     Units 

Added 
:     capacity 

:     Cost/ 

:     unit 

:     Units     : 

Added 
capacity 

Dollars 

AUM 

Dollars 

AUM 

STRUCTURAL 

A     1 
2 
3 

876.79 
40 
15,000 

14 
1 
1 

316 

1,205.27 

11 

25 

C     6 
7 

300 
468.57 

1 
7 

}         ^= 

407.69 

13 

125 

E  13 
14 

30,000 

1 

360 

333.33 

3 

52 

F  15 

333.33 

3 

93 

G  16 

300 

10 

0 

H  17 
18 
19 
20 

2,118.75 

2,151.80 

300 

16 
6. 

1               579 

1 

1,725 
1,225 
1,435.29 
1,000 

4 
4 

8.5 
.3 

145 

NONSTRUCTURAL 

0     2 

10 

■  100 

0 

K     4 
6 

L     7 
8 

4.94 

3,400 

368 

M     9 

N  11 
12 
13 
14 

5 
200 

90) 
2i 

51 

100 
15 

80   ) 
300  / 

136 

0  15 

P  16 

0 

22 

k8 


Appendix  Table  A-2. — Continued 


of 

2ment 

:                 Phi 

1 ipsburg 

R.D. 

Lincoln   R.D. 

Type 
improv( 

:     Cost/     : 

:      unit        : 

Units 

Added 
capacity 

:     Cost/ 
:     unit 

:      Units      : 

Added 
capacity 

STRUCTURAL 

Dollars 

AUM 

Dollars 

AUM 

A     1 
2 
3 

1,080 

2 

0 

1,500 
2,000 

1 
1 

2 

C     6 

7 

800 

2 

55 

833.33 
750 

l\ 

36 

E  13 

14 

4,916.67 

.6 

30 

F  15 

G  16 

H  17 
18 
19 
20 

3,000 
3,250 

I) 

898 

2,500 
2,250 

1} 

24 

NONSTRUCTURAl 

J     2 

K     4 
6 

L     7 
8 

M     9 

10 

100 

80 

N  11 
12 
13 
14 

20.50 

200 

70 

27 

33.33 

50  1 
90/ 

28 

0  15 

P  16 

^9 


Appendix  Table  A-3. --Improvements  proposed  for  sampled  allotments,  average 

unit  costs,  and  expected  additional  grazing  capacity 
by  National  Forests  in  Planning  Area  3. 


Type  of 
improvement 


Beaverhead  N.F 


Cost/ 

unit 


Units 


Added 
capacity 


Levns  and  Clark  N.F. 


Cost/ 
unit 


Units 


Added 
capacity 


Dollars   Number 


AUM 


Dollars   Number 


AUM 


STRUCTURAL 

A     1 
2 

1,637.50 
1,854.55 

16      \ 
5.5  ) 

62 

1,566.66 
500 

n 

2 

B     4 
5 

1,100.00 

2 

59 

C     6 
7 
8 

969.23 
591.18 

13\ 
51  / 

1,595 

518.52 
475.00 

%} 

1,397 

D  11 

750 

2 

120 

2,000.00 

1 

5 

E  13 

2,270.77 

16.25 

1,166 

2,187.50 

4 

303 

F  15 

2,000.00 

2 

100 

800.00 

2 

32 

G  16 

1,500.00 

1 

0 

H  17 
18 
19 
20 

2,454.55 
1,916.67 
1,875.14 

11 

37. 2\ 
92.5/ 

1,423 

2,225.00 
1,538.15 
2,033.14 
1,625.00 

4 

16.25 
8.75 
1.2 

1,161 

I  22 


2,250.00 


NONSTRUCTURAL 

J     1 
3 

K     3 
5 
6 

15.00 

400 

L     7 
8 

33.00 
4.16 

1,000\ 
6,250/ 

N  11 
13 
14 

4.21 
12.94 
50 

6,775\ 
7,030/ 
50 

60 


520 


1,731 


7.83 


10.00 
9.23 


38.46 

6.67 
8.20 


230 


100 
130 


130 


300 
800 


21 

35 

11 

336 


50 


Appendix  Table  A-3. --Continued 


of 

?ment 

Deerlodge 

N.F. 

Helena    N.F. 

Type 
improve 

:      Cost/      : 
:      unit        : 

Units      : 

Added 
capacity 

:      Cost/      : 
:     unit        : 

Units      : 

Added 
capacity 

Dollars 

Number 

AUM 

Dollars 

Number 

AUM 

STRUCTURAL 

A     1 
2 

1,750.00 
500.00 

;| 

140 

2,000.00 
333.33 

3       ( 
1.5  j 

21 

B     4 
5 

1,357.14 

7 

166 

C     6 
7 
8 

500.00 
500.00 

6  ( 

5  j 

528 

636.36 
500.00 

n  ( 

4  j 

259 

D  11 

E  13 

1,500.00 

1 

75 

F  15 

G  16 

H  17 
18 
19 
20 

975.00 
4,000.00 
1,973.77 

^  ! 

15.25  ) 

1131 

1,740.16 

12.7 

292 

I  22 


NONSTRUCTURAL 


J     1 


20.00  200 


15 


5.00  200 


15 


L     7 


35.00  200 


15 


N  n 

12.00 

100 

13 

5.00 

100 

14 

228 


50.00  310 


150 


51 


Appendix  Table  A-4.--Improvements  proposed  for  sampled  allotments,  average, 

unit  costs  and  expected  additional  grazing  capacity, 
in  Planning  Area  4 


Gallatin  N.F 

:       Bea 

rtooth  R.D. 

Type  of    : 
improvement  : 

Cost/  : 
unit   : 

Units  : 

Adde 
ca_gaci 

d 

:  Cost/  : 
:  unit   : 

Units  : 

Added 
capacity 

STRUCTURAL 

Dollars 

Number 

AUM 

Dollars 

Number 

AUM 

A  1 

1,050 

2 

-- 

1.200 

2 

27 

B  5 

300 

1 

8 

C  6 
7 
8 

400 

404.5 

250 

i] 

199 

500 

3 

53 

E  13 

433.33 

3 

20 

G  16 

100 

1 

5 

H  18 
19 
20 

1,546.67 
1,776.27 
2,000 

3.75  ) 

29.5  } 

.05  j 

569 

1,000 

2.5 

108 

NONSTRUCTURAL 

K  4 

10 

450 

65 

L  8 

6.84 

475 

90 

N  11 
13 
14 

5 

9.31 
20 

200  ) 

1,450  > 
100  ) 

83 

52 


ApppiKiix  Table  A-5. -Ir-cv-rcr^s  I-i 'iri^£<_li^_i^i-'J^5:.ii:ctr^rvl^_^.ay5-racje_j^^^ 


Type  of 
tr!prove:.xnt 


JTRUCTURAL 


:trijctural 


1      7 
8 

M  10 

N  11 
13 

0  IG 


exporter 

c.Oimora 

i    ordz". ri_j 

cdluL  wy 

' 

Planniti'i 

Area   EA 

Ar^dcd 

Co  St/ 1. 1 1  -t     :     In-.provcrento     :     capacity 


Pol  1  jrf. 
1,275 

940 


300 

5 
13 

846 

014 

-I 

0 

,099 

1 

,  boo 

1 

i 

,9^:o. 

,J'''0 

1 

2 

.B07 
,000 

3 
12 


rju:!ibcr 


20 


2'-l  1 
i' 

02  ( 

131 

120.2 

6 

40.4 

500 


2,5001 
200/ 


Plannlnq   Area   5G 


10 

430 

2,443 

4,020 
425 

3.730 


89 


303 


Cost/unit      :      Iinprcvonents 


Col lors 

609 

1,000 
1  ,100 
uOOO 

500 

9.359 

4,6':0 
1,180 


^  .600 
;,&80 


12 

2 


NuHiber 


11 


29  i 
15 


78. 8  ) 


2,0001 
1,110)' 

2,000  ( 
1,0001 

2,000) 
3,800  1 

1,900 


380 
160 


cap.jcity 
AUM 


0 
713 

601 

2.368 

14,325 
1  ,087 

6,323 


840 
458 

1,318 
286 

24 
0 


Appendix  Table  A-6. --Interest  factors  and  average  useful  lives  of  range 

improvements  in  the  Northern  Region 


Type  of 
improvement 

STRUCTURAL 
A.  Access- 
B-G.  Water  developments 

H.  Fences 

7.1 

I.  Other  structural— 


Planning  Areas  1-4 


10%  Interest 

factor    :  Years 


Planning  Areas 
5A  and  5B 


10%  Interest  : 

factor    :  Years 


0.1023 

40 

0.1023 

40 

.1061 

30 

.1061 

30 

.1102 

25 

.1061 

30 

.1628 

10 

.1628 

10 

3/ 


NONSTRUCTURAL 

J.  Ground  preparation^' 

K.  Seeding 

L.  Fertilization 

M.  Water  retention 

N.  Plant  control 

0.  Rodent  control 


P.  Other  nonstructural—' 


4/ 


.2638 

5 

.2638 

5 

.1061 

30 

.1061 

30 

.4021 

3 

.4021 

3 

.1061 

30 

.1061 

30 

.1315 

15 

.1102 

25 

.2638 

5 

.2638 

5 

1.1000 

1 

1.1000 

1 

Sources:  Interest  factors  -  Lundgren  (1971,  p.  115-128)  and  years  - 
Duran  and  Kaiser  (1972)  except: 

V  Northern  Region  experience. 

y     Primarily  private  investments;  maximum  Forest  Service  permit  is  10 
years;  usually  depreciated  for  tax  purposes  within  10  years. 
_3/  Nearly  all  prescribed  burning. 
^j     Based  on  specific  improvements  indicated  in  sample. 


5A 


APPENDIX  B 
Definitions 
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Structural  Improvements 

A.  1.  Catt 1eguard--A  device  installed  on  roads,  that  livestock  cannot  cross,  while 
vehicular  traffic  can  pass  over.   It  is  usually  made  of  rails,  steel  tubing,  or  lumber 
spaced  to  discourage  livestock.   Its  size  varies  with  the  width  of  the  road,  and  fences 
are  joined  to  both  sides. 

A.  2.  Stock  Tra 1 1 --A  designated  road,  usually  dirt,  made  for  access  to  livestock  I 
an  area.      Logging  roads  or  other  roads  are  often  used  for  this  purpose  by  permittees. 

A.  3.  Stock  Brldge--An  underpass  or  overpass  for  the  cattle  to  move  from  one  loca- 
tion to  another  without  crossing  a  busy  highway,  railroad  right-of-way,  or  stream.   It 
may  also  be  built  to  avoid  mined  areas  or  natural  hazards. 

B.  k.    Trick  Tank--Rainwater  collecting  device  In  arid  and  semlarld  ranges. 

B.  5.  Pit  Tank--S Imi lar  to  the  trick  tank,  collecting  surface  water  in  natural 


depressions,  waterways,  etc.,  for  range  livestock. 

C.  6,  7,  &  8.  Spring  Development--Spr ing  development  with  different  tanks  made  out 
of  wood,  metal,  and  plastic.  Spring  water  fills  the  tank  over  a  few  days,  providing  th 
livestock  with  ample  water  during  the  grazing  season. 

D.  9  through  12.  Well  Development--Artes Ian,  windmill,  electric  pump,  etc.,  any 
device,  which  provides  underground  water  supplies  for  the  livestock  grazing  on  the  rang 

E.  13  &  1^'  Water  TransmI ss Ion--Water  transmission  by  pipeline  or  by  ditch  Is 
closely  related  to  well  development.   It  avoids  livestock  travel  to  and  from  arid  and 
semiarld  ranges  to  the  water  source. 

F.  15.  Dam  and  Reservol r--An  earthen  dam  constructed  at  low  cost,  in  natural  depre: 
sions  or  small  watercourses.   Most  of  these  reservoirs  cover  less  than  an  acre. 

G.  16.  Other  Water  Developments--DevIces  or  man-made  Improvements  (other  than 
reservol rs)  to  provide  water  for  livestock. 

H.  17  through  21.  Fence--Fenclng  defines  an  area    to  be  grazed  by  a  certain  number 
of  livestock.   Fenced  areas  may  be  protected,  used  in  a  cycle  of  rest  and  rotation,  or 
used  to  protect  water  sources  and  right-of-ways.   Boundaries  of  a  National  Forest  and 
allotments  may  also  be  delineated  by  fences. 

I.  22.  Others,  Not  LI sted--Structural  Improvements  in  this  category  are  mainly 
built  by  permi ttees--cablns ,  corrals,  loading  chutes,  and  barns.   None  of  these  Items 
was  reported  as  a  proposed  improvement  In  this  grazing  survey. 

Nonstructural  Improvements 

J.  1.  Ground  Preparation  -  PlowIng--Preparat Ion  for  seeding  often  requires  the 
removal  of  certain  vegetation  and  loosening  the  soil. 

J,  2.  Ground  Preparation  -  Burn Ing--Burni ng  undesirable  vegetation  on  the  range 
before  seeding  Is  sometimes  done  to  promote  seed  germination  and  early  growth. 

K.  3  through  6.  Seed ing--DI f ferent  kinds  of  seeding  may  be  used  to  establish  a  goO' 
range  at  different  costs.  Ground  seeding  may  cost  more  than  air  seeding,  if  large  area 
are  to  be  covered.  Normal  seeding  with  drills  is  also  expensive.  Interseeding  differei 
species  into  native  grass  may  have  the  same  effect  and  cost  less. 

L.  7  &  8.  Fert 1 1 i zat Ion--Two  different  kinds  of  fertilization  are  listed  in  this 
survey,  one  being  used  with  the  seeding  to  establish  the  range,  while  the  other  Is  used 
to  increase  growth  of  existing  forage. 

M.  9  &  10.  Water  Retent Ion--Us i ng  the  contours  of  the  land  aided  by  ditches,  pits, 
etc.,  snowmelt  or  rainwater  can  be  spread  over  a  large  area.   Pitting  is  closely  relatei 
to  the  rainwater  collecting  device  In  Group  b,  but  natural  depressions  are  used  to 
col  1 ect  the  water. 

N.  11  through  1^.  Plant  Control --Removal  of  undesirable  vegetation  from  ranges  and 
seeding  them  with  native  or  other  forage  plants  is  the  main  device  to  Increase  forage 
for  livestock  In  semlarld  country.   Plant  control  may  include  removal  of  selected 
vegetation,  removal  of  brush,  and  controlling  poisonous  plants. 

0.  15.  Poisoning,  Rodent  Control --Rodents  reduce  vegetation  and  create  hazards  for 
livestock.   Poisoning  may  remove  the  rodents. 
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RESEARCH  SUMMARY 

A  series  of  laboratory  and  field  experiments  were  conduotod  to 
determine  if  mature  ponderosa  pines  produce  a  substance  (phytotoxin) 
that  inhibits  the  germination  and  growth  of  seedlings  directly  under 
the  tree  crown. 

Neither  live  nor  dead  materials  collected  from  ponderosa  pines 
produced  either  volatile  or  water-soluble  phytotoxins  that  drastically 
inhibited  germination  of  seeds  or  growth  of  seedlings. 

Seeds  overwintering  beneath  the  canopy  of  mature  pines,  or 
planted  in  soils  collected  there,  showed  reduced  germination.     Exact 
cause  of  the  reduction  was  not  determined.     If  weak  phytotoxins  were 
responsible,  they  did  not  inliibit  growth  of  seedlings  that  germinated. 
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INTRODUCTIOIM 


i1  Pinus  ponderosa   Laws,  is  found  throughout  the  western  United  States  from  Canada 
Mexico  making  it  the  most  widely  distributed  pine  species  in  North  America  (Curtis 
L^l  Lynch  19fS5)  .   Although  it  grows  under  a  variety  of  environmental  conditions  and 

'ferent  forest  types,  ponderosa  pine  is  most  commonly  associated  with  sites  that 
l:'  characterized  by  low  soil  moisture  and  high  surface  temperature  at  some  time  during 
;b  growing  season  (Pearson  1951,  Foiles  and  Curtis  1973).   Because  of  its  drought 
■distance  ponderosa  pine  can  survive  in  areas  that  are  too  dry  for  other  conifer 
;]?cies  (Foiles  and  Curtis  1973)  .   Only  on  the  driest  sites  does  ponderosa  pLnc  bc- 
:(ie  the  climax  species. 

Observations  indicate  that  virgin  ponderosa  pine  stands  were  uneven-aged  stands 
;iiiiiosed  of  even-aged  groups  (Cooper  1960,  Weaver  1943)  .   The  age  class  structure  of 
::'   stand  was  maintained  by  a  series  of  continually  occurring  natural  events.   A  few 
:?es  or  groups  of  trees  would  be  killed  or  die  from  insect  attack,  disease,  or  old  age. 
'res,  which  are  known  to  have  been  frequent  in  virgin  pine  (Weaver  1959),  would  consume 
;?  remains  of  these  trees,  often  leaving  an  opening  and  good  seedbed  for  young  ponder- 
)i  pine  seedlings.   Because  of  the  optimum  conditions,  a  large  number  of  seedlings 
I  lid   likely  become  established  on  this  seedbed  if  a  seed  source  was  available.   Subse- 
l?nt  fires  would  remove  the  smaller  trees  from  the  dense  areas  of  reproduction  until 
.2   most  vigorous  and  rapidly  growing  saplings  were  no  longer  susceptible.   The  result 
/s  a  group  of  even-aged  trees  that  continued  their  growth  until  the  cycle  was  repeated 
?aver  1943).   Seedlings  occasionally  became  established  beneath  the  larger  mature  and 
»ermature  trees,  but  they  seldom  survived  the  fires  that  burned  the  deep  layers  of 
.tter  and  debris.   The  elimination  of  reproduction  within  the  pine  stand  left  an  open 
"rest  floor,  usually  covered  with  nutritious  vegetation  and  providing  a  park-like 
ipearance  to  the  forest  as  described  by  early  travelers  (Cooper  1960,  Biswell  1973) . 

Seedlings  that  grew  beneath  mature  trees  were  very  susceptible  to  fire  because  of 
iunted  growth  and  poor  vigor.   Cooper  (1960)  reported  that  even  seedlings  that  grew 
iijthin  an  open  canopy  of  mature  ponderosa  pine  grew  very  slowly  and  were  stunted  and 
ijhealthy.   The  poor  growth  was  attributed  to  competition  for  soil  moisture  rather 
ian  light.   The  effect  of  light  should  not  be  overlooked,  however,  because  light 
lijading  of  pine  seedlings  will  reduce  growth  compared  to  those  in  full  sunlight,  and 
i-avy  shade  can  cause  death  (Pearson  1936,  1940)  .   McDonald  (1976)  discovered  that 
Ijedling  height  growth  was  significantly  reduced  by  the  presence  of  mature  seed  trees 
feet  or  closer,  and  the  greater  the  seed  tree  density  the  poorer  the  height  growth. 
so,  removal  of  the  seed  trees  did  not  immediately  eliminate  the  inhibitory  effect, 
isture  depletion  by  the  seed  trees  was  considered  the  major  limiting  factor,  but  it 
id  not  explain  continued  inhibition  after  the  seed  trees  were  removed.   Possible  ex- 
ianations  were  nutrient  depletion  and  toxic  substances  produced  by  decaying  seed-tree 
sots. 

The  following  report  describes  the  results  from  five  experiments  (a  test  for  vola- 
;le  inhibitors,  a  test  for  water  soluble  toxins,  the  toxicity  of  plant  Icachates  on 
)ils,  a  field  soil  bioasssay,  and  the  effect  of  seedbeds  on  germination)  tliat  were 
inducted  to  determine  if  phytotoxins  are  released  from  mature  ponderosa  ])ine  trees  or 
le  decomposition  of  its  litter,  and  if  these  phytotoxins  drastically  reduced  the 
'rmination  or  growth  of  ponderosa  pine  seeds  and  seedlings. 
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In  recent  years,  natural  plant  chemicals  have  been  shown  to  influence  the  eco 
logical  relationships  of  plant-plant,  plant-animal,  and  plant-insect  interactions 
(Sondheimer  and  Simeone  1970,  Rice  1974) .   Plant-plant  chemical  interaction,  or  al 
pathy,  is  defined  by  Rice  (1974)  as  "any  direct  or  indirect  harmful  effect  by  one  pi 
(including  micro-organisms)  on  another  through  the  production  of  chemical  compounds 
that  escape  into  the  environment."  This  definition  provides  for  three  factors  that:*'' 
must  be  present  in  order  for  allelopathy  to  be  functioning  in  a  plant  community: 
(1)  a  plant  must  produce  chemicals,  (2)  these  chemicals  must  get  out  of  the  plant  an 
into  the  environment,  and  (3)  once  in  the  environment,  they  must  have  a  harmful  effe 
on  the  plants  in  the  area  either  directly  or  indirectly.   If  any  one  of  these  three 
requirements  is  absent,  then  allelopathy  is  not  functioning.   It  is  also  important  t 
emphasize  that  allelopathy  is  independent  of  competition.   Allelopathy  involves  the 
placement  of  natural  chemicals  into  the  environment,  whereas  competition  involves 
the  rivalry  for  environmental  factors  such  as  light,  water,  nutrients,  etc.  (Rice  19 


The  mechanisms  for  releasing  phytotoxins  into  the  environment  are  quite  variabl 
and  dependent  upon  environmental  characteristics.   The  mechanisms  include  the  leachi 
of  the  aerial  portions  of  the  plant  by  rain  or  fog  drip,  exudation  from  the  roots, 
residue  left  or  produced  during  the  decay  of  plant  material,  and  volatilization 
(Whittaker  1970,  Rice  1974). 

Whittaker  (1970)  considers  allelopathy,  or  the  use  of  a  chemical  defense  by  pla 
as  a  universal  phenomenon;  however,  he  states  that  the  actual  significance  of  allele 
pathy  is  difficult  to  judge  for  three  reasons.   First,  the  influence  of  chemistry  on 
community  is  not  always  conspicuous  to  the  observer  of  community  relationships;  secoi 
there  are  different  degrees  of  chemical  interaction;  and  third,  species  may  have  an 
evolved  tolerance  to  the  chemical  defense  of  others. 

Allelopathy  or  chemical  defense  in  plants  is  usually  thought  of  as  a  mechanism 
by  which  one  species  is  reduced  or  eliminated  by  another  species  in  a  community.   Oc 
sionally,  the  chemicals  released  are  not  species  specific  and  they  are  toxic  to  the 
producer  species  as  well.   An  excellent  example  occurs  in  the  old-field  succession  ii 
central  Oklahoma  and  southeast  Kansas. 

Old-field  succession  in  Oklahoma  is  characterized  by  a  2-  to  3-year  pioneer  wee  I 
stage,  9-  to  13-year  annual  grass  stage,  a  perennial  bunch  grass  stage  of  13  to  30+ 
years,  and  finally  true  prairie,  which  has  never  been  reached  in  old-field  successioi 
The  initial  pioneer  weed  stage  is  short  because  these  plants  have  been  shown  to  elim 
nate  themselves  through  the  production  of  phytotoxins.   These  compounds  have  little 
effect  on  the  species  of  the  annual  grass  stage,  which  then  became  abundant  (Rice  19 
A  similar  phenomenon  has  been  observed  in  the  replant  problem  of  fruit  trees  includii 
cherries,  grapes,  apples,  peaches,  apricots  and  plums.   When  seedlings  of  these  spec 
are  replanted  in  orchards  of  the  same  species,  they  frequently  exhibit  retarded  shoo 
and  root  growth  or  occasionally  even  die.   Young  trees  that  produce  fruit  provide  lo 'j 
yields  than  trees  of  comparable  age  planted  in  nonorchard  sites.   Detailed  studies  w 
peaches  and  apples  indicate  that  compounds  produced  by  the  trees,  particularly  in  th; 
roots,  are  broken  down  or  rearranged  by  micro-organisms  to  toxic  compounds  that  reta" 
seedling  growth  (Rice  1974) . 
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Allelopathic  interactions  have  been  well  documented  in  a  variety  of  deciduous  tree 
)ecies.  Eucalyptus  globulus   Labill.  and  E.    aamaldulensis   Dehn.  influence  lierbaceous 
;getation  through  chemicals  that  escape  into  the  environment  (del  Moral  aiul  Muller 
)69,  1970).   Sycamore,  Platanus  Oocidentalis   L.  (Al-Naib  and  Rice  h'/l),  and  hackberr;,  , 
Oltis   laevigata   Willd.  (Lodhi  and  Rice  1971,  Lodhi  1975)  are  characterized  by  sparse 
ijgetation  beneath  their  canopies.   Experiments  with  decaying  leaves,  leaf  leach.-itcs, 
ad  soils  collected  beneath  the  trees  lead  to  the  conclusion  that  phytotoxins  were 
j  significant  factor.   Several  oak  species  including  Quercus  stellata   Wang.,  ','. 
nrilandica   Muench.  (McPherson  and  Thompson  1972)  and  Q-    falcata   var.  pagoJae folia 
11.  (DeBell  1971)  produce  compounds  chat  inhibit  the  growth  in  understory  plants. 

Another  tree  species,  Grevillea  robusta   Cunn. ,  in  the  subtrojiical  rain  forest  of 
.istralia  cannot  regenerate  in  pure  stands  (Webb  and  others  1967).   Fxiier  imcnt  s  were 
'inducted  to  show  that  a  water-transferable  factor  in  the  rhizosphere  from  the  older 

■ccs  was  responsible  for  this  phenomenon.   The  commercial  production  of  these  trees 
ii>  not  be  possible  in  pure  stands,  and  a  polyculture  will  be  reiiuired  unless  s]iecial 

irc  and  treatment  is  used  to  remove  toxins  from  the  soil. 

Since  ponderosa  pine  is  climax  only  on  the  driest  of  sites,  the  production  of  an 
itotoxic  chemical  could  provide  survival  value  to  the  species.   When  moisture  is 
Lmiting,  adequate  growth  and  vigor  can  only  be  maintained  at  lower  tree  densities, 
lerefore,  to  insure  lower  densities,  chemicals  from  the  mature  trees  could,  perhaps, 
?duce  the  germination  and  growth  of  seedlings,  which  could  then  be  eliminated  by 
fought  or  frequent  fires.   This  would  prevent  overcrowding,  stagnation,  and  com]ietition 
etween  members  of  the  same  species.   Hall  (1976)  stated  that  he  suspected  "...  a 
elective  inhibitory  substance  in  ponderosa  pine  litter  that  is  destroyed  with  periodic 
iderburning.   Without  fire,  this  substance  is  free  to  build  up  in  the  soil  and  reduce 
iiie  growth."   If  this  is  the  case  then  fire  played  a  dual  role  in  the  ecology  of 
pnderosa  pine,  it  eliminated  unhealthy  seedlings  from  within  mature  pine  stands,  and 
t  prepared  seedbeds  for  pine  seeds  in  open  areas  by  destroying  phytotoxins,  releasing 
trients  and  reducing  competition  from  other  s]'>ecies. 

There  is  some  experimental  evidence  that  suggests  ponderosa  pine  ]")roduces  phx'to- 
xins.   Jameson  (1961)  reported  that  water  extracts  of  ponderosa  pine  needles  in- 
jibited  wheat  radicle  growth  by  86  percent.   Needle  extracts  also  inhibited  the 
adicle  growth  of  two  native  grass  species,  Sitanion  hystrix   (Nutt.)  .1.  G.  Smith  and 
buteloua  gracilis    (H.B.K.)  Lag.,  and  Pinus  ponderosa    (Jameson  1968).   Del  Moral  and 
>^tes  (1971)  observed  inhibition  of  barley  by  ponderosa  pine  volatiles  and  litter  water 
jixtracts,  although  field  analysis  suggested  only  weak  allelojiathic  influence  with 
Associated  native  species.   Eckert  (1975)  has  revealed  results  which  indicate  that 
londerosa  pine  needles  produce  chemicals  that  adversely  affect  some  associated  under- 
tory  species,  creating  obvious  ecotones  near  ponderosa  pine  trees. 


EXPERIMENTAL  STUDIES  AIMD  RESULTS 


Seed  Source  and  Preparation  )' 

The  seeds  used  for  experiments  during  the  summer  of  1974  were  obtained  from  the 
U.S.  Department  of  Agriculture  Forest  Service  Nursery  at  Coeur  d'Alene,  Idaho.   These 
seeds  had  been  collected  from  the  Seeley  Lake  Ranger  District  at  an  elevation  of 
4,000  feet  ±  500  feet. 

During  the  fall  of  1974,  approximately  1,000  pine  cones  were  clipped  from  large 
ponderosa  pine  trees  on  the  Blackfoot-Clearwater  Game  Range,  which  is  adjacent  to  the 
Seeley  Lake  Ranger  District,  and  the  location  of  our  field  study  site  where  field 
germination  and  growth  experiments  were  conducted.   The  field  results  will  be  reportec 
in  a  separate  paper.   Approximately  10  pounds  of  clean  seeds  were  collected.   All  ex- 
periments conducted  from  the  fall  of  1974  through  1975  used  the  seeds  from  this  source 

The  seeds  in  all  experiments  were  soaked  in  warm  water  for  24  hours  and  then  plac 
in  3  percent  Chlorox  solution  for  15  minutes  to  kill  seedcoat  pathogens.   After  soakir 
in  Chlorox,  the  seeds  were  stratified  at  1°  to  5°C  for  a  minimum  of  2  weeks.   Just 
prior  to  use,  the  stratified  seeds  were  again  soaked  for  15  minutes  in  the  3  percent 
Chlorox  solution. 

Tests  for  Volatile  Inhibitors 

Materials  and  Methods 

To  test  for  the  presence  of  volatile  toxins  in  pine  tissues,  green  needles, 
surface  litter  (dried  pine  needles),  decomposing  duff  (decaying  pine  needles),  roots 
(1  to  4  cm  in  diameter),  and  bark,  were  collected  at  the  field  study  site,  placed  in 
plastic  bags  and  returned  to  the  laboratory. 

The  technique  used  to  test  for  toxic  volatile  compounds  was  similar  to  that  des- 
cribed by  Muller,  and  others  (1964).   Sterilized  cellulose  sponges  were  brought  to 
maximum  water  holding  capacity  by  soaking  them  in  distilled  water  and  allowing  them 
to  drain.   The  wet  sponges  were  placed  in  sterile  100  x  80  mm  petri  dishes,  and  each 
sponge  was  covered  with  7.0  cm  filter  paper  soaked  with  distilled  water.   Fifteen  pine 
seeds  were  then  placed  on  top  of  the  filter  paper. 

Two  grams  of  each  fresh  plant  material,  described  above,  were  broken  up  by  hand 
and  placed  into  separate  5  x  2  cm  plastic  vials.  One  plastic  vial  containing  plant 
material  (treatment)  or  no  plant  material  (control)  was  placed  into  each  petri  dish 
adjacent  to  the  sponge  seedbed,  permitting  only  gaseous  contact  between  plant  material 
and  seeds.  The  petri  dish  was  covered  and  placed  randomly  into  a  dark  conditioning 
chamber  set  at  25°C  ±  1°.  Five  replications  were  set  up  for  each  of  the  five  plant 
materials  and  the  control. 

Germination  was  recorded  daily  during  which  time  the  seeds  were  exposed  to 
approximately  1  hour  of  light.   After  germination  was  completed,  the  radicle  lengths 
were  measured  from  root  tip  to  seed  coat  or  from  root  tip  to  the  start  of  the  stem  in 


'able  I  .--Effect  of  volatile  oompounds  from  five  poy^derosa  pine  plant  materials 
on  the  germination  and  radicle  growth  of  ponderosa  pine  seedlings. 
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11  numbers  followed  by  different  letters  are  significantly  different  at  the  S  percent 
^vel  or  greater. 

rowth  rate  was  obtained  by  dividing  average  seedling  length  per  replication  by  average 
ladling  age  per  replication. 


irger  seedlings.   Since  seedling  age  certainly  influences  seedling  size,  growth  rates 
re  computed  to  eliminate  the  effect  of  age  differences  and  allow  concentration  on 
■eatment  differences. 

The  entire  experiment  was  repeated  using  fresh  plant  material  collected  on  the 
ime  date  but  stored  in  plastic  bags  in  a  cold  room.   The  two  experiments  were  iden- 
ical  except  for  the  length  of  the  germination  periods.   In  the  first  experiment  A, 
le  germination  period  was  14  days  and  in  the  second  experiment  B,  only  10  days.   The 
ermination  period  was  longer  in  experiment  A  because  of  slow  germination  rates. 

I    For  statistical  analysis,  one-way  analysis  of  variance  tests  were  used.   Following 
hese,  the  Newman-Keuls  test  for  multiple  comparisons  was  utilized  to  compare  treatment 
eans  (Hamilton  1965).   The  homogeneity  of  the  variances  was  analyzed  in  all  experi- 
ents  prior  to  the  analysis  of  variance. 

esults 

The  results  of  experiments  A  and  B  are  provided  in  table  1.   It  is  apparent  that 
here  were  no  volatile  compounds  in  the  green  needles,  roots,  bark,  surface  litter, 
nd  decomposing  duff  of  ponderosa  pine  that  inhibited  the  germination  or  radicle  growth 
'f  pine  seedlings . 


Tests  for  Water  Soluble  Toxins 


Materials  and  Methods 


One  month  prior  to  the  start  of  this  experiment,  buckets  lined  with  plastic  bags 
ind  covered  with  a  double  layer  of  cheesecloth  secured  by  rubber  bands  were  placed  in 
)penings  and  beneath  the  crowns  of  large  ponderosa  pine  trees  at  the  game  range.  The 
'pure"  rain  water  was  collected  in  the  openings  while  that  collecteti  beneath  the  crown 
ranopy  was  considered  at  natural  crown  leachate  or  throughfall  and  a  potential  source 
)f  phytotoxins.   In  addition,  the  rain  water  that  ran  down  the  bark  (stemflow)  was 


■ 
collected  by  placing  metal  troughs  around  the  base  of  several  trees.   The  rain  wate 
throughfall,  and  steraflow  collected  was  stored  in  plastic  containers  in  a  cold  room 
at  3°  to  4°C  until  used. 

Several  days  prior  to  the  start  of  this  experiment,  fresh  plant  material  incluifo 
green  needles,  litter,  decomposing  duff,  bark,  and  roots  were  collected.   These  sam] 
were  returned  to  the  laboratory,  placed  in  an  oven  set  at  40°C,  and  allowed  to  dry  : 
48  hours.  All  the  dried  samples  except  the  roots  were  run  through  a  grinder.   The 
roots  were  cut  into  small  pieces  by  hand.   The  grinder  was  adjusted  so  that  it  woulc  | 
break  and  crush  the  dried  plant  material  into  smaller  pieces  but  not  reduce  it  to  a 
powder.   Each  sample  was  then  extracted  by  placing  225  grams  of  plant  material  into 
2,025  ml  of  distilled  water  to  give  a  10  percent  solution  (w/v) .   The  solutions  were 
placed  on  a  shaker  for  30  minutes  and  left  overnight,  16  to  20  hours.   The  plant  mal 
rial  was  then  removed  by  filtering  through  paper.   Five  percent  solutions  were  made 
for  each  sample  by  diluting  (1:1)  with  distilled  water.   In  addition,  two  of  Hoaglar;? 
solutions  were  prepared,  a  standard  Hoagland's  (Ix)  and  5x  concentrated  Hoagland's, 
to  check  potential  osmotic  effects  on  germination.   A  total  of  16  different  test  so], 
tions  was  analyzed  in  this  experiment:  10  plant  extracts,  3  field  rain  samples  (thrc.h 
fall,  stemflow,  rain  water),  2  concentrations  of  Hoagland's  solution,  and  1  distillef 
water  control. 

The  pH  was  measured  for  all  the  test  solutions,  and  the  osmotic  potential  was 
determined  with  a  Fiske  Osmometer  for  the  10  percent  plant  extracts,  both  Hoagland's 
solutions,  and  all  the  rain  samples  from  the  field. 

Sterilized  cellulose  sponges  were  soaked  to  water  holding  capacity  in  each  of  t 
test  solutions,  and  excess  solution  was  allowed  to  drain  off.  Each  moist  sponge  was 
placed  into  the  bottom  of  a  9.0  cm  plastic  sterile  petri  dish  and  covered  with  a  7.0 
piece  of  filter  paper  soaked  in  the  corresponding  solution.  Fifteen  stratified  and 
sterilized  ponderosa  pine  seeds  were  placed  on  the  filter  paper.  Each  petri  dish  wa 
covered  and  placed  randomly  into  a  dark  conditioning  chamber  set  at  25°C  ±  1°.  Ten 
replications  were  set  up  for  each  treatment. 

This  entire  experiment  was  conducted  twice,  the  first  time  (experiment  A)  was  i 
the  summer  of  1974  and  the  second  time  (experiment  B)  in  the  summer  of  1975.  The 
germination  time  for  experiment  A  was  9  days  and  in  experiment  B,  11  days.  During  t 
summer  of  1974,  the  stemflow  was  collected  from  two  different  rainstorms.  The  first 
storm  was  a  drizzling  rain,  and  the  second  was  a  very  short  cloudburst.  The  drizzli 
rain  produced  a  light  brown  stemflow,  and  the  cloudburst  produced  a  very  dark  brown 
solution.  Because  of  the  color  differences,  these  two  samples  were  kept  separate  ani 
each  tested  independently.  The  stem  flow  for  1975  was  a  combination  of  samples  from 
several  storms. 

In  order  to  better  understand  the  effect  that  pH  might  have  on  germination,  a 
small  germination  experiment  was  conducted  using  three  pH  solutions,  3.0,  5.0,  and  7 
Twenty-five  stratified  ponderosa  pine  seeds  were  placed  on  top  of  a  filter  paper  and 
sponge  previously  soaked  in  the  test  solutions.   Six  replicates  were  made  for  each 
solution,  and  all  dishes  were  randomly  placed  into  a  conditioning  chamber.   The  ger- 
mination was  checked  daily  for  9  days.   A  one-way  analysis  of  variance  followed  by  tl 
Newman-Keuls  test  was  used  for  statistical  analysis. 

Results  and  Discussion 

A  variety  of  comparisons  can  be  made  between  the  different  solutions  tested  in 
this  experiment,  but  the  most  meaningful  for  evaluating  the  presence  of  a  phytotoxin 
are  the  comparisons  between  the  plant  extracts  and  the  distilled  water  and  "pure" 
rain  controls.   In  addition,  the  effect  of  osmotic  potential  and  pH  of  the  test  solu- 
tions (table  2)  should  also  be  evaluated  to  ensure  that  they  have  not  produced  the 
experimental  responses  observed. 


Table  2. --The  pH  aiid  osmotic  potential   of  test  solutions  obtained  by  artificial 
extraction  and  natural   leaching  of  ponderosa  pine  plant  materials 
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The  osmotic  potentials  were  not  measured  for  the  5  percent  solutions.   Accurate 
osmotic  potentials  could  not  be  obtained  for  the  litter  and  duff  10  percent  solutions 
because  of  suspended  particulates. 


In  experiment  A,  green  needle  5  percent  was  the  only  test  solution  with  a  signiti- 
cantly  lower  germination  than  the  distilled  water  control  (ta])le  3).   The  germination 
of  pine  seeds  in  rainwater  was  not  significantly  different  from  any  of  the  plant  ex- 
tracts.  In  experiment  B,  the  germination  of  the  control  was  significantly  greater  than 
green  needle  10  percent,  whereas  the  ram  was  greater  than  duff  5  and  10  percent,  roots 
5  and  10  percent,  green  needle  5  and  10  percent,  bark  10  percent,  and  stemflow. 

In  both  experiments  A  and  B,  there  was  a  tendency  for  those  solutions  with  a  low 
pH  to  also  have  a  low  germination,  whereas  those  solutions  with  a  hijih  pH  had  a  high 
germination.   In  a  side  experiment  testing  the  effects  of  solution  pil  only,  germination 
was  unaffected  by  pH  values,  3.0,  5.0,  and  7.0.   Seed  germination  values  varied 
insignificantly  from  a  low  of  80.7  percent  in  the  pH  3.0  solution  to  a  high  ot  b-\.u 
percent  in  the  pH  7.0  solution.   However,  the  pH  of  the  solutions  in  experiments  A 
and  B  could  have  changed  the  toxicity  of  the  solutions  if  the  toxic  compounds  were 
sensitive  to  acid  or  base. 

It  has  been  well  documented  that  ponderosa  pine  seeds  exhibit  the  greatest  germi- 
nation when  under  some  water  stress.   Germination  is  usually  the  highest  m  solutions 
with  an  osmotic  potential  near  -3  atmosj^heres  (Larson  and  Schubert  19(,9,  Djavanshir  and 
Reid  1975   Rietveld  1975).   The  lowest  osmotic  potential  recorded  m  experiments  A  ami 
B  was  -3.2  atmospheres  for  the  5x  lloagland's  solutions  (table  2 );  consequent  1 y ,  osmotic 
potential  was  not  responsible  for  poor  germination  in  these  experiments. 


o 

ex 


Q 

u 

<u 

II 

O- 

o 

o 

C 

t/) 

C 

4-) 

-H 

c 

0) 

^H 

a> 

4-J 

^ 

c 

u 

^ 

c 

o 

rg 

u 

-a 

+-» 

c 

c 

a! 

0) 

CJ 

,_( 

>- 

c; 

^ 

o. 

3 

o 

O 

'T3 
S 

O 

a. 


C  CO 


r^j  ^H 


'0 
K 
O 

a. 
o 


"    03   T3     X 

s; 

11     ^     <"   '-' 

o 

"             (L.    4^ 

(X 

„  -H    c    c 

^    nj           rt 

E 

^1     C    u 

o 

■'    3     11    -H 

i^ 

w   ^     <U   >+4 

"^ 

?=  J^ 


-a 

^ 

E 

CL. 

c 

x: 

n5 

.    •^ 

O 

4-J 

1 — 1 

, 1 

4-> 

tM 

r-H 

cn 

X 

OJ 

« 

c 

J3 

O 

4-1 

■H 

X 

X 

CO 

-0 

M 

^1 

D 

^  o  <->  o 


§ 


.H 

o 

o 

+-i 

,—1 

3 

C 

nl 

o 

+-» 

■H 

^. 

i/l 

> 

'M 

E 

(I 

O 

c 

O 

OJ 

!-■ 

o 

fH 

XI 

JO 

u 

4h 

e 

X) 

3 

< 

z 

Examining  growth  rates  for  experiment  A,  table  4  shows  that  lioth  the  distilled 
water  control  and  the  rain  were  significantly  greater  tiian  the  green  needle  S  and  10 
'percent,  and  the  5x  Hoagland's  solution.  In  addition,  the  rain  was  greater  tluin  the 
roots  5  and  10  percent.  In  experiment  B,  both  the  distilled  water  and  the  rain  were 
significantly  greater  tlian  roots  5  and  10  percent,  duff  10  percent,  and  green  needle 
5  and  10  percent. 

The  pll  of  tlie  test  solutions  had  very  little  influence  on  tlie  radicle  growth  of 
I  pine  seedlings.   However,  the  radicle  growth  rates  of  seedlings  in  solutit)ns  with  low 
osmotic  potential  were  significantly  lower  than  for  seedlings  in  solutions  of  high 
osmotic  potential,  suggesting  that  osmotic  potential  was  important.   The  growth  of 
I ponderosa  pine  radicles  is  very  sensitive  to  osmotic  potential  and  generally  decreases 
I  quite  rapidly  as  the  osmotic  potential  decreases  (Larson  and  Schubert  1969,  DJavanshir 
and  Reid  1975,  Rietveld  1975) .   Therefore,  some  of  the  reduction  in  radicle  growth 
associated  with  5x  Hoagland's  (-3.2  atms)  and  green  needle  10  percent  (-2.5  atms)  can 

be  attributed  to  their  low  osmotic  potentials. 

I 

I     The  green  needle  extacts  both  5  and  10  percent  might  have  contained  a  phytotoxin, 
because  they  significantly  reduced  germination  and  radicle  growth  rates.   However,  the 
significance  of  the  green  needle  results  was  reduced  by  the  occurrence  of  fungal  and 
bacterial  growth  in  both  experiments  A  and  B.   It  was  the  only  solution  tested  that 

I  became  significantly  contaminated.   Daily  visual  observations  suggested  that  the  bac- 
teria and  fungi  did  not  become  important  until  the  later  half  of  each  experiment  and 
probably  had  less  influence  on  germination  than  on  radicle  growth.   From  these  visual 
observations,  it  was  clear  that  the  green  needle  extracts  did  reduce  radicle  growth  of 
the  pine  seedlings,  but  the  final  results  were  a  combination  of  extract  and  fungal 
effects.   In  addition,  the  osmotic  potential  of  the  green  needle  extracts  was  low 
enough  to  be  a  contributing  factor  to  the  reduced  radicle  growth,  but  not  low  enough 
to  have  reduced  gcmiination.   It  can  be  concluded  that  the  germination  results  for  the 
green  needle  extracts  are  reliable,  but  the  results  for  the  radicle  growth  are  question- 
able.  If  the  green  needles  of  ponderosa  pine  do  contain  a  phytotoxin,  then  the  toxin 
could  be  washed  from  the  needles  during  a  rain  storm.   Therefore,  the  activity  of 
throughfall  could  help  in  evaluating  the  presence  of  a  green  needle  toxin.   There  was 
no  significant  difference  in  germination  or  growth  between  throughfall  and  pure  rain 
treatments  in  either  ex]")eriment  A  or  B.   This,  however,  does  not  eliminate  tlie  presence 
of  a  very  weak  toxin  in  the  throughfall  that  accumulates  with  time  on  the  forest  floor. 

There  are  three  other  plant  extracts,  roots,  duff,  and  bark  that  could  also  con- 
tain a  phytotoxin.   Both  the  5  and  10  percent  solutions  of  roots  significantly  reduced 
radicle  growth  compared  to  the  rain  in  experiments  A  and  B  and  to  the  distilled  water 
control  in  experiment  B.   The  root  extracts  had  less  effect  on  germination,  with  a 
significantly  lower  germination  than  rain  in  experiment  B.   This  suggests  the  presence 
of  a  growth  inhibitor  within  the  roots  of  ponderosa  pine.   The  severity  of  inliibition 
is  certainly  not  great  as  seen  in  table  3.   In  the  field,  pine  seedlings  germinate  on 
or  near  the  soil  surface  well  above  the  roots  of  pine  trees;  it  is  very  unlikely  that 
this  weak  toxin  would  influence  seed  germination  and  initial  root  growtli;  however,  it 
might  influence  the  later  root  development. 

The  germination  of  seeds  in  duff  5  and  10  percent  solution  was  significantly  lower 
than  rain  only  in  experiment  B.   Duff  10  percent  also  reduced  radicle  growtli  rates 
significantly  below  the  control  and  rain  in  experiment  B;  there  was  no  significant 
difference  in  experiment  A.   If  there  is  a  toxin  present  in  duff  extracts,  it  is  very 
weak  because  only  the  10  percent  solution  demonstrated  much  activity. 

The  bark  10  percent  and  its  natural  counterpart,  stemflow,  reduced  germination 
compared  to  rain  in  experiment  B.   Neither  solution  interfered  witli  ttie  radicle  growth. 


To  summarize,  the  results  of  this  experiment  indicated  that  the  water  extract  • 
green  needles,  roots,  duff,  and  bark  of  ponderosa  pine  might  contain  growth  inhibiti 
Closer  observation,  however,  indicates  that  the  inhibition  of  radicle  growth  by  the 
green  needle  extracts  may  have  been  the  combined  effects  of  inhibitor,  osmotic  potei 
tial,  and  fungal  activity.   The  reduced  germination  caused  by  the  green  needles  was 
likely  the  work  of  the  inhibitor  alone.   Throughfall,  which  is  a  natural  leachate  01. 
pine  needles,  had  no  effect  on  the  germination  or  radicle  growth  of  the  pine  seeds. 
Therefore  these  results  do  not  support  the  presence  of  a  strong  inhibitor,  but  they 
not  completely  eliminate  the  presence  of  a  weak  toxin  that  may  occur  in  low  concent] 
tions  in  the  leachate  and  accumulates  on  or  in  the  soil.   The  water  extract  of  roots 
reduced  germination  only  slightly,  but  consistently  reduced  radicle  growth  rates.   / 
though  the  root  extracts  were  inhibitory,  they  did  not  severely  damage  the  growing 
ability  of  the  pine  radicles.   The  duff  extracts  were  marginally  toxic  because  the  £ 
and  10  percent  solutions  were  inhibitory  to  germination  in  experiment  B;  also  the  IC^i 
percent  solution  reduced  radicle  growth  in  experiment  B.   Germination  reduction  by 
bark  and  stemflow  was  minimal. 

It  can  be  concluded  from  this  experiment  that  the  green  needles  and  roots  of 
ponderosa  pine  are  the  most  likely  tissues  containing  phytotoxins  that  interfere  wit 
the  germination  and  growth  of  ponderosa  pine  seedlings.   Bark  and  duff  may  contain  a 
weak  toxin,  but  it  is  probably  not  significant  unless  it  accumulates  in  the  soil. 

Toxicity  of  Plant  Leachates  on  Soils 

Materials  and  Methods 

This  experiment  was  conducted  twice,  experiment  A  in  the  summer  of  1974  and  exp  i'.' 
ment  B  in  the  summer  of  1975.  There  were  some  technical  differences  in  the  setup  of  1 ; 
each,  so  the  two  experimental  designs  will  be  discussed  separately. 

( 
In  experiment  A,  large  samples  of  green  needles,  bark,  litter,  and  decomposing 
duff  were  collected  at  the  field  site  and  returned  to  the  laboratory.   Each  plant  ma 
rial  was  separately  placed  on  a  plastic-lined  trough  and  sprayed  with  a  fine  mist  of 
distilled  water  on  a  ratio  of  1  part  plant  material  to  4  parts  of  water.   The  leacha' 
was  collected  and  filtered  through  paper,  approximately  one-third  was  stored  in  a  co  1 
room  at  1°  to  4°C,  and  the  remaining  two-thirds  was  frozen  until  needed. 

Soil  was  collected  in  large  openings  away  from  pine  tree  influence  at  the  game 
range.   These  soils  were  passed  through  a  2.0  mm  sieve,  mixed  thoroughly,  and  then 
placed  into  4-inch  plastic  pots.   Ten  replicates  were  set  up  for  each  leachate  and  a 
distilled  water  control.   Fifteen  stratified  and  sterilized  ponderosa  pine  seeds  wer«'* 
added  to  each  pot.   The  ten  treatment  replicates  were  each  watered  with  75  ml  of  theii 
corresponding  leachate  or  distilled  water  in  the  case  of  the  control.   The  treatments 
were  then  randomly  placed  in  the  greenhouse.   The  pots  were  watered  when  needed  with 
25  ml  of  the  corresponding  solution.   Germination  was  checked  every  day  for  15  days, 
then  all  seedlings  were  allowed  to  grow  an  additional  10  days  at  which  time  all  but  t 
largest  three  seedlings  were  removed.  The  remaining  three  seedlings  were  allowed  an  , 
additional  1  month  growing  period  at  which  time  the  seedlings  were  harvested,  ovendrii 
at  70°C  for  48  hours,  and  weighed.  | 

In  experiment  B  the  same  four  plant  materials  were  collected  and  prepared  as  in  i 
experiment  A.   In  addition  to  the  distilled  water  control,  a  Hoagland's  solution  was  I 
included  in  the  list  of  test  solutions.   This  treatment  was  added  as  a  nutrient-enrici 
control  for  comparison  with  pine  leachates  that  might  have  contained  higher  quantitie 
of  nutrients  than  the  distilled  water. 

It  had  been  observed  in  experiment  A  that  the  roots  of  the  2-month-old  seedlings 
were  coiled  around  the  bottom  of  the  4-inch  pots.   In  order  to  eliminate  physical 
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barriers  for  root  growth  in  experiment  B,  the  sieved  soil  was  placed  in  7>n   In- ;S()  hN'  1  cm 
root  boxes  in  the  greenhouse.   Thirty  stratified  and  sterilized  ponderosa  jiine  seeds 
were  planted  in  each  box.   Three  replicates  were  set  up  for  each  of  the  four  Icacliatcs, 
the  Hoagland's  solution,  and  the  distilled  water  control.   Each  root  box  was  initially- 
watered  with  200  ml  of  the  appropriate  test  solution  followed  by  100  ml  every  otliei-  day. 

The  seedlings  were  allowed  to  germinate  and  grow  for  35  days,  then  all  but  the 
largest  10  seedlings  were  removed  from  each  root  box.   Germination  was  checked  daily 
until  the  thinning.   The  remaining  10  seedlings  were  allowed  to  grow  an  additional  29 
days  at  which  time  the  soil  was  washed  away  from  the  roots  and  the  seedlings  collected. 
The  root  lengths,  stem  lengths,  number  of  laterals  over  1.0  cm,  and  biomass  of  the 
roots  and  crowns  were  measured  for  each  treatment. 

The  one-way  analysis  of  variance  and  Newman-Keuls  tests  were  performed  for 
i  statistical  analysis. 

'  Results  and  Discussion 

I 

I      In  both  experiments  A  and  B,  there  was  no  significant  difference  in  germination  be- 
I  tween  any  of  the  plant  leachates  and  the  distilled  water  control  (table  S] .   However, 
the  seeds  watered  with  the  Hoagland's  solution  in  experiment  B  had  a  significantly  lower 
germination  than  the  seeds  watered  with  the  four  plant  solutions  and  the  control.   These 
data  show  that  under  these  conditions,  none  of  the  leachates  contained  phytotoxins 
that  inhibited  the  germination  of  pine  seeds.   The  reason  for  low  gennination  in  the 
Hoagland's  treatment  is  uncertain. 

In  experiment  A  there  was  no  significant  difference  in  total  seedling  weight  and 
shoot  weight  between  the  treatments.   There  was,  however,  a  significant  difference  in 
root  weights  for  duff  and  bark  compared  to  the  control.   The  reduced  root  weights  of 
the  duff  treatment  resulted  in  a  shoot/root  ratio  that  was  significantly  larger  than 
all  other  treatments  and  the  control. 

In  experiment  B  there  was  no  significant  difference  in  total  seedling  weight, 
root  and  shoot  weight,  or  shoot/root  ratios  between  the  plant  leachate  treatments  and 
the  distilled  water  control.   The  Hoagland's  solution  was  significantly  lower  in  root 
weight  than  the  other  solutions,  which  again  resulted  in  a  very  large  shoot/root  ratio. 

In  experiment  B  the  entire  seedlings  were  extracted  from  the  root  boxes,  the  roots 
and  crown  lengths  were  measured,  and  the  number  of  lateral  roots  greater  than  1.0  cm 
t  were  counted.   The  taproots  of  seedlings  grown  in  the  Hoagland's  solution  were  equal  in 
length  with  the  taproots  from  seedlings  grown  in  the  other  solutions  (table  5) ,  but  the 
Hoagland's  seedlings  had  a  reduced  number  of  lateral  roots.   A  reduction  in  the  number 
of  laterals  resulted  in  reduced  root  weights  for  the  Hoagland's  treatment  but  is  proba- 
bly not  representative  of  a  disadvantaged  seedling  under  these  growing  conditions.   A 
similar  situation  could  have  existed  in  experiment  A  reducing  the  root  weights  of  seed- 
lings watered  with  duff  and  bark  leachates.   Neither  bark  nor  duff  leachates  reduced 
root  growth  in  experiment  B. 

Although  this  experiment  produced  no  evidence  of  a  germination  inhibitor,  the 
experimental  design  did  not  eliminate  all  mechanisms  of  inhibition  associated  with 
leachates.   Plant  compounds  may  have  to  accumulate  in  the  soils  over  a  jicriod  of  time 
to  reach  active  concentrations.   In  this  experiment,  the  soils  were  not  watered  with 
plant  leachate  until  the  seeds  were  sown,  and  the  germination  was  quite  rajiid.   There- 
fore, there  may  not  have  been  sufficient  time  for  the  inhibitor  to  accumulate  to  the 
point  where  it  could  have  affected  germination.   It  is  also  possible  that  comjiounds  in 
the  leachates  are  broken  down  or  rearranged  to  produce  the  inhibitor  and  there  may  not 
have  been  sufficient  time  for  the  breakdown  product  to  rcacli  inhibitory  concentrations. 
Therefore,  this  experiment  did  not  disprove  these  two  mechanisms. 

11 


« 

CO 

o 

S 

o 
o 

4i 
3 
O 
!h 

(35 

<» 
CO 

13 


K 
O 

is 
C 


<35 

Cfl 
CO 


O 

I 

CO 

c» 

(3 

« 
O 
•< 


O 

!»    O 

to 


^ 


o 

I— I 
Si 

H 


rt 

03 

U3 

M- 

LO 

O 

X^ 

a> 

r^ 

rj 

03 

« 

03 

X3 

-t3   CO 

CTi 

\D 

•* 

CM 

vO 

■* 

^ 

LO 

C 

• 

o 

o 

O 

r-H 

r~- 

rt 

00 

• 

• 

. 

LO 

LO 

rt 

o 

o 

o 

CM 

LO 

ri 

M 

a   ■■ 

o 

I 

< 

1 

I 

1 

1 

03 

1 

1 

03 

1 
1 

03 
00 

1 
1 

CO 

LO 

\0 

00 

XI 

03 

03 

03 

m 

to 

00 

'J- 

to 

O 

r- 

(^J 

00 

r-t 

o 

o 

o 

CN 

(Nl 

> 

• 

O 

bO 

. 

• 

• 

> 

r^ 

t-- 

U 

r- 

o 

o 

o 

f—t 

vO 

rj 

i-H 

•M 

c  •• 

o 

rt 

03 

03 

u 

rt 

LO 

en 

CNl 

XI 

< 

o 
o 

03 
I— 1 

o 

CO 

o 

o 
o 

03 

00 
f— 1 

rt 

I~^ 

to 

•* 

XI 

03 

03 

03 

oa 

CO 

o 

o 

• 

to 
o 

o 
to 

00 

LO 

m 

vO 

o 

o 

o 

,-H 

LO 

C~sl 

,-H 

M-( 

3   •• 

Q 

OS 

o 

03 

7—t 

u 

LO 

03 

< 

o 

CM 

00 

o 
o 

LO 

6 

O 

O 

O 
00 

OJ 

■(-> 

03 

CO 

03 

03 

4= 

o 

to 

r^ 

O 

rt 

CT> 

CJ> 

C71 

XI 

03 

03 

03 

nj 

CQ 

f— 1 

00 

^ 

to 

^ 

i-H 

O 

^ 

<U 

(— t 

o 

o 

o 

C-M 

\D 

vO 

CT) 

^ 

1^ 

o 

o 

o 

f— ( 

^ 

(N 

,— f 

T—t 

fH 

nJ 

rt    •• 

•  H 

CO 

03 

03 

O 

LT) 

to 

rj 

•H 

rt 

CD 

t-- 

to    o 

X3 

4h 

< 

K) 

00 

^ 

to      " 

\o 

•r-l 

O 

o 

o  ^ 

•^ 

+-> 

K) 

> 

> 

• 

> 

U 

^ 

o 

o 

o 

cH 

< 

..    .. 

CO 

LO 

03 

LO 

03 
o 

01 

OS 

LO 

(Nl 

to 

XI 

03 

03 

03 

i-H    CQ 

CTl 

r-- 

'S- 

to 

•-I 

00 

vO 

00 

13 

> 

o 

o 

o 

to 

r^ 

(U 

r-~ 

■ 

• 

• 

• 

• 

^ 

to 

4) 

vC 

o 

o 

o 

i-H 

LO 

C-Nl 

t—i 

C 

c 

CO 

03 

(U 

o 

r- 

to 

(U 

« 

LO 

LO 

en  ^ 

XI 

!h   < 

o 

00 

■^ 

to      - 

(J) 

O 

o 
o 

03 

T-H 

o 
o 

CO 

O    03 

o 

03 

LO 

-^ 

03 

CTi 

00 

o 

XI 

03 

03 

03 

m 

00 
O 

o 

o 

00 

00 

00 

00 

u 

I--^ 

O 

o 

o 

r-H 

^o 

CNl 

,-H 

a> 

-t-j   •• 

4-> 

03 

03 

•H 

i~o 

c 

to   o 

J 

03 

vO 

CT> 

r^     •> 

X3 

< 

O 

oo 
o 

o 

<* 
O 

o 

to  X> 

O       " 

•    03 

o 

to 

^H 

c 

,— s 

/ — s 

• 

<U    6 

o 

^--^ 

/ ^ 

, — , 

*-> 

e 

E 

o 

oo  o 

f-i 

•H 

/ — ^ 

oo 

OO 

00 

O    4-> 

o 

u 

c 

c 

<u 

•(-> 

VJ 

oo^-^ 

^ / 

V / 

o  x; 

V — ^ 

^ ^ 

o  o 

*-> 

rt 

c 

c 

u  oo 

■M 

(U   — 1 

rH 

<u 

c 

4) 

•H    -4-) 

4-) 

+J 

^^  -H 

x: 

o  x; 

00  OS 

f-H 

p 

•H 

(J 

■-H    •— 1    X 

*->    JZ 

J= 

+J    <u 

+-> 

O      *-! 

03    ^1 

tn 

c3 

P 

!-i 

CO   T3     oo 

o    oo 

■M     OO 

o  s 

e  oo 

^     00 

u   <u 

<->  c 

u 

H 

(U 

■M     0)   -H 

O    -H 

O    -H 

o 

<1>    c 

CI,  c 

D     4-> 

O    CO 

ca 

4) 

ex, 

o   <u   a> 

X  <1> 

o   aj 

x:  X 

■M      CU 

CO    4J 

>    03 

o  x: 

a. 

I-D 

H    1/1    2 

c/5    S 

oi   S 

W  X2 

CO    •"-! 

H   -1 

<    -H 

U    +J 

Ol 

■I-' 

03 
OO 

o 


c 
o 

P. 


c 

d) 

M 

(U 

<4H 

t4H 

•H 

13 

X 

,-H 

^-l 

c 

03 

CJ 

■H 

C4H 

•H 

C 

• 

OO 

X 

•H 

,-H 

(/) 

,-H 

03 

4J 

O 

Sh 

•H 

03 

4-> 

C/) 

1/1 

•H 

fH 

•(-> 

CU 

03 

■M 

•P 

■P 

(/) 

ID 

r-H 

T3 

01 

*-> 

fH 

c 

03 

(U 

P. 

5h 

E 

01 

o 

«4H 

u 

<+H 

•H 

4-" 

13 

o 

c 

X 

XI 

4> 

U 

T3 

4) 

(U 

S 

S 

O 

oa 

,-H 

,-H 

■a 

o 

c 

t4H 

03 

■l-> 

< 

c 

a> 

1/1 

E 

4-1 

•H 

c 

^ 

<U 

0) 

B 

CX 

■H 

X 

^ 

(U 

4) 

&, 

c 

X 

03 

4) 

c 

14H 

•H 

O 

X 

+J 

(0 

•H 

<-> 

3 

,-H 

3 

t/i 

tn 

^( 

4) 

CL> 

M 

XI 

P 

4> 

3 

x: 

z 

f- 

12 


Seedling  gi-owth  was  not  affected  by  green  needle  and  litter  leaehates.   There  was 
an  indication  that  duff  and  bark  leaehates  may,  under  certain  conditions,  slightly  re- 
duce root  weights,  but  the  results  were  not  reproducible.   Seedlings  grown  in  lloag,  1  anii '  s 
solution  also  exhibited  reduced  root  weights. 

Field  Soil  Bioassay 

Materials  and  Methods 

This  experiment  was  conducted  twice,  experiment  A  in  the  summer  of  1974  and  ex- 
periment B  in  the  suiraiier  of  197.S.   Because  of  differences  in  the  experimental  design, 
each  will  be  discussed  separately. 

I      In  experiment  A,  the  upper  5 . 0  cm  of  soil  was  collected  from  five  areas  in  tlie 
open  and  five  areas  under  pine  canopies.   Each  of  the  10  different  soils  was  sifted 
twice  through  a  2.0  mm  sieve  to  remove  large  pieces  of  organic  matter  and  then  placed 
into  10  greenhouse  pots  (4-inch  size).   Fifteen  stratified  and  sterilized  ponderosa 
pine  seeds  were  jUanted  into  each  pot,  and  the  pots  were  randomly  placed  in  the  green- 
house.  All  soils  were  given  equal  volumes  of  tap  water  at  periodic  intervals  as  needed. 
The  germination  was  recorded  for  15  days,  and  then  all  but  the  largest  three  seedlings 
were  removed  from  each  pot.   The  remaining  three  seedlings  were  harvested  after  an  add- 
itional 16-day  growing  period.   The  biomass  of  both  roots  and  shoots  was  measured  after 
ovendrying  at  70°C  for  48  hours. 

Experiment  B  was  very  similar  to  A  in  that  soils  were  collected  from  five  open 
areas  and  from  five  areas  under  pine  canopies.   However,  in  experiment  B,  the  upper 
15  cm  of  the  soil  was  lifted  from  the  ground  with  minimal  disturbance  and  placed 
directly  into  6-inch  green  house  pots.   Three  replications  were  taken  from  each  of  the 
10  different  collection  sites.   Each  pot  was  saturated  with  tap  water  and  planted  witli 
30  stratified  and  sterilized  ponderosa  pine  seeds  and  raTidomly  placed  in  the  greenhouse. 
All  pots  were  given  equal  volumes  of  water  at  intervals  as  needed.   Germination  and 
initial  growth  was  observed  for  21  days  when  all  but  the  largest  seven  seedlings  were 
removed  from  each  pot.   These  seedlings  were  grown  an  additional  56  days,  at  which  time 
they  were  harvested,  and  the  root  and  shoot  weighed  after  drying  70°C  for  48  hours. 

A  series  of  subsamples  from  the  two  soil  groups  were  taken  for  nutrient  analysis. 
The  concentration  of  eight  cations  was  measured  by  atomic  absorption.   The  various 
treatment  subsamples  could  not  be  paired  statistically,  so  a  nested  experiment  analysis 
of  variance  was  used  and  followed  by  the  Newman-Keuls  test. 

Results  and  Discussion 

Although  the  experimental  design  was  different  between  A  and  B,  the  results  were 
essentially  the  same.   In  both  A  and  B,  the  germination  of  pine  seeds  in  soils  col- 
lected from  the  openings  was  significantly  greater  than  the  germination  of  pine  seeds 
in  soils  collected  beneath  a  pine  canopy  (table  6).   Although  germination  of  the  cano])>- 
treatment  was  significantly  lower  than  the  opening  treatment,  it  was  certainly  not  a 
drastic  difference.   Since  both  treatments  received  equal  amounts  of  water  and  sunlight 
and  were,  therefore,  influenced  by  similar  temperatures,  soil  factors,  would  liave  to 
account  for  germination  differences. 

It  was  observed  that  the  canopy  soil  contained  larger  amounts  of  organic  matter 
than  the  opening  soils,  even  in  experiment  A  where  the  soils  were  sieved  twice.   Soil 
surfaces  in  which  the  seeds  were  planted,  dried  quite  rapidly  after  watering.   It  is 
possible  that  the  higher  amounts  of  organic  matter  in  the  canopy  soils  created  greater 
moisture  tensions  that  reduced  germination. 
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Table  6. --The  effect  of  soil  aolleated  in  the  opening  and  beneath  a  ponderosa  pine 
canopy  on  the  germination  and  growth  of  pondersoa  pine  seedlings 


Parameter 


Germination  and  r3rowth  Experiments 


Mean 


Germination 

(Percent) 

EXPERIMENT  A 

Opening  Sites 

76 

0 

64 

0      66.7 

70 

7 

65 

3 

68 

5a 

Canopy  Sites 

66 

0 

55 

3      58.0 
EXPERIMENT  B 

60 

0 

58 

7 

59 

7b 

Opening  Sites 

83 

8 

64 

4      81.1 

63 

3 

73 

3 

73 

Ic 

Canopy  Sites 

40 

0 

57 

8      55.6 

53 

3 

74 

4 

56 

2d 

Total  Seedling 

weight  (g) 

EXPERIMENT  A 

Opening  Sites 

0 

1486 

0 

1190    0.1105 

0 

1408 

0 

1439 

0 

1326a 

Canopy  Sites 

0 

1282 

0 

1353    0.1217 
EXPERIMENT  B 

0 

1265 

0 

1215 

0 

1264a 

Opening  Sites 

0 

1253 

0 

0883    0.1076 

0 

1202 

0 

1177 

0 

1111b 

Canopy  Sites 

0 

1414 

0 

1532    0.1010 

0 

0749 

0 

1578 

0 

1257b 

Shoot  weight  (g) 

EXPERIMENT  A 

Opening  Sites 

0 

1077 

0 

0906    0.0851 

0 

1037 

0 

1069 

0 

0988a 

Canopy  Sites 

0. 

0949 

0 

0975    0.0912 
EXPERIMENT  B 

0 

0965 

0 

0923 

0 

0945a 

Opening  Sites 

0. 

0708 

0 

0488    0.0603 

0 

0647 

0 

0689 

0 

0626b 

Canopy  Sites 

0. 

0807 

0 

0835    0.0554 

0 

0424 

0 

0857 

0 

0695b 

Root  weight  (g) 

EXPERIMENT  A 

Opening  Sites 

0. 

0419 

0 

0283    0.0255 

0 

0371 

0. 

0370 

0 

0339a 

Canopy  Sites 

0. 

0333 

0. 

0378    0.0294 
EXPERIMENT  B 

0. 

0310 

0. 

0292 

0 

0321a 

Opening  Sites 

0 

0545 

0 

0395    0.0473 

0. 

0555 

0. 

0488 

0. 

0487b 

Canopy  Sites 

0 

0608 

0 

0698    0.0456 

0. 

0325 

0. 

0720 

0. 

0561b 

'Means  in  the  same  experiment  followed  by  different  letters  are  significantly 
different  at  the  5  percent  level. 
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It  is  also  possible  that  weak  phytotoxins  could  have  been  responsible,   'liie  extract 
experiment  revealed  potential  phytotoxins  in  green  needles,  bark,  daff,  and  roots,  and 
the  soil  leachates  experiments  failed  to  eliminate  the  possibility  of  weak  toxins  or' 
breakdown  products  accumulating  on  the  soil.   Therefore,  weak  toxins  in  the  canopy  soil 
could  have  reduced  the  germination. 

Another  explanation  is  an  interaction  or  the  combined  effects  of  moisture  tension 
land  a  weak  phytotoxin  working  synergi  st  i  cal  1  y  to  reduce  germination  in  the  cano|iy  soils. 
jThe  two  factors  working  simultaneously  may  be  more  inhibitory  than  either  factor 
'separately 

The  factors  influencing  germination  apparently  had  no  effect  on  the  growth  and 
development  of  young  pine  seedlings,  since  there  was  no  significant  difference  in  tot.al 
jseedling  weights,  shoot  weights,  or  root  weights  between  treatments  in  either  experiment 
|a  or  B.   There  were  greater  concentrations  of  nutrients  measured  in  the  canoi)y  soils, 
but  the  differences  were  apparently  not  great  enough  to  affect  seedling  growth. 

Seedbed  Effect  on  Germination 

\Materials  and  Methods 

The  possibility  that  the  germination  and  growth  of  jionderosa  pine  seeds  and  seed- 
lings are  influenced  by  the  seedbed  in  which  the  seeds  overwintered  was  investigated 
iby  a  field  and  a  laboratory  experiment. 

In  the  field  seedbed  experiment,  seven  different  seedbeds  were  prepared  at  the 
jedge  of  a  small  opening  at  the  game  range  field  site  on  November  20,  1974.   Six  of  the 
jseedbeds  were  set  up  in  the  opening  and  one  under  the  canopy  of  several  trees  bordering 
ithe  opening.   The  seedbed  beneath  the  canopy  was  prepared  by  scraping  away  the  litter 
and  duff  to  expose  the  surface  soil.   This  treatment  shall  be  referred  to  as  the  canopy 
topsoil  (canopy).   The  vegetation  and  litter  were  scraped  away  from  six  small  areas  in 
the  opening,  and  each  was  covered  with  one  of  the  following  materials:  topsoil  collected 
from  under  a  ponderosa  pine  canopy,  referred  to  as  canopy  topsoil  (opening);  toiisoil 
from  a  large  opening;  subsoil  from  a  large  opening;  litter;  decomposing  duff;  and  de- 
composing duff  with  litter  on  top.   A  large  number  of  unstratificd  ponderosa  pine  seeds 
were  then  placed  on  each  of  the  seven  seedbeds.   The  seeds  on  the  soil  seedbeds  were 
not  treated  furtlier,  while  those  in  plant  materials  were  covered  with  the  corresjionding 
plant  material.   In  the  duff  and  litter  combined  treatment,  the  pine  seeds  were  ]-)laced 
on  top  of  decomposing  duff,  and  the  litter  was  then  placed  over  the  top  of  the  seeds. 
Small  hardware  cloth  exclosures  were  placed  over  each  seedbed  to  ban  rodents. 

On  May  9,  1975,  the  seeds  were  collected  and  taken  to  the  laboratory  where  the 
germination  tests  were  conducted.  Sterilized  cellulose  sponges  were  soaked  in  dis- 
tilled water,  drained,  and  placed  in  tlie  bottom  of  9  cm  plastic  petri  dishes.  bach 
sponge  was  covered  with  a  wet  7 . 0  cm  piece  of  filter  paper.  Twenty  seeds  from  each 
treatment  were  placed  in  respective  petri  dishes.  Four  replications  were  set  up  for 
each  treatment.  The  petri  dishes  were  covered  and  randomly  placed  in  a  growth  chamtier 
set  at  25°  to  27°C.   The  germination  was  checked  daily  for  1  week. 

For  the  laboratory  experiment,  litter,  duff,  and  topsoil  from  under  a  ponderosa 
pine  canopy  were  collected  along  with  tojisoil  from  a  nearby  opening  on  November  20, 
1974.   These  materials  were  returned  to  the  laboratory  to  be  used  as  overwintering 
seedbeds  for  ponderosa  pine  seeds.   The  litter  and  duff  samples  were  soaked  sejiarately 
for  two  hours  in  distilled  water  and  then  transferred  to  100  liy  80  mm  petri  dislies.   A 
third  seedbed  was  set  up  using  a  combination  of  duff  covered  with  litter.   Tlie  opening 
and  canopy  soils  were  placed  into  petri  dishes  and  brought  to  saturation  witli  distilled 
water.   The  control  was  silica  (sand")  brought  to  saturation.   iiight  replications  were 
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Seedbed  material :  duff,  litter,  litter  and  duff,  opening  topsoil 
canopy  topsoil,  silica.  (8  subsamples) 


Autoclaved 
(4  subsamples) 


No  treatment 
(4  subsamples) 


Seed  coats 

unsterilized 

(2  subsamples) 


Seed  coats 
sterilized 
(2  subsamples) 


Seed  coats 

unsterilized 

(2  subsamples) 


Seed  coats 

sterilized 

(2  subsamples) 


Unopened  **  Opened  **  Unopened  Opened   Unopened  Opened   Unopened  Opened 


Figure  1. — Artifioial  overwintering  treatments  for  laboratory  seedbed  experiment. 

*After  stratification 3   subsamples  were  placed  directly  into  the  germination  chamber. 
** After  stratification 3   subsamples  were  opened,   germinants  were  counted,   and  the 
remaining  seeds  were  placed  into  chamber. 


made  for  each  seedbed  material.   One  half  (four)  of  the  replicates  for  each  seedbed  were 
sterilized  by  autoclaving  for  30  minutes.   The  remaining  four  replicates  were  left  un- 
sterilized.  Two  of  the  autoclaved  and  two  of  the  unautoclaved  replicates  received 
ponderosa  pine  seeds  that  had  been  treated  with  a  powder  fungicide.   The  remaining  two 
autoclaved  and  unautoclaved  replicates  received  untreated  pine  seeds.   The  seeds  were 
allocated  by  weight  rather  than  by  numbers.   This  design  resulted  in  four  degrees  of 
sterilization  in  each  seedbed;  i.e.,  duff  autoclaved  and  seeds  coats  sterilized,  duff 
autoclaved  and  seeds  coats  not  sterilized,  duff  not  autoclaved  and  seeds  coats  steril- 
ized, and  duff  not  autoclaved  and  seeds  coats  not  sterilized,  with  duplicate  samples 
for  each  (fig.  1).   The  covered  petri  dishes  were  then  randomly  placed  into  a  dark  cold- 
room  at  2°  to  3°C  for  5  months. 

On  April  22,  1975,  the  petri  dishes  were  removed  from  the  coldroom.   It  was  ob- 
served that  some  germination  had  already  taken  place  within  the  dishes,  so  one  dish 
from  each  duplicated  sterilization  treatment  for  each  seedbed  was  opened  and  the 
germination  percentage  determined  by  counting  all  the  seeds.   This,  however,  was  only 
a  partial  germination,  so  in  order  to  determine  complete  germination,  two  15-seed 
subsamples  were  taken  from  the  ungerminated  seeds.   The  seeds  of  each  subsample  were 
placed  into  petri  dishes  containing  a  moist  sponge  covered  with  filter  paper;  the  petri 
dishes  were  covered  and  placed  into  a  dark  growth  chamber  at  24°  to  26°C.   The  germi- 
nation was  recorded  daily  for  7  days. 

The  other  half  of  the  artificial  overwintering  petri  dishes  were  placed  directly 
from  the  coldroom  into  the  dark  growth  chamber  set  at  24°  to  26°C.   After  a  7-day  period 
the  dishes  were  removed  and  the  percentage  germination  determined  by  counting  all  the 
seeds . 
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Tlie  statistical  analysis  for  the  field  seedbed  experiment  included  the  one-way 
analysis  of  variance  and  the  Nevvman-Keul  s  test  for  multiple  com]Xir  i  sons .   Statistics 
were  not  needed  in  the  laboratory  seedbed  test  because  of  similarity  of  i-esults. 

Results  and  Discussio?i 

In  the  field  seedbed  experiment,  germination  was  fairly  liigii  in  most  treatments, 
ranging  from  62.5  percent  to  91.3  percent.   Seeds  overwintering  on  the  opening  tojisoil, 
the  canopy  topsoil  (opening)  and  the  duff  seedbeds  had  significantly  better  germination 
than  the  seeds  on  the  opening  subsoil,  litter,  litter  and  duff,  and  canopy  topsoil 
(canopyl .   The  germination  of  the  seeds  from  the  canopy  topsoil  fcanopy)  was  signifi- 
cantly lower  than  for  seeds  on  all  other  seedbeds  as  shown  in  the  following  tabulation: 


Percent 


91 

3 

a 

91 

3 

a 

88 

8 

a 

80 

0 

b 

78 

8 

b 

77 

5 

b 

62 

5 

c 

Seedbed 


Opening  topsoil 

Canopy  topsoil  (open) 

Duff 

Litter  and  duff 

Litter 

Opening  subsoil 

Canopy  topsoil  (canopy) 


Periodic  observations  in  late  winter  and  early  spring  revealed  that  soils  under 
the  pine  canopies  accumulated  less  snow  than  in  the  openings,  and  the  canopy  soils  were 
the  first  to  lose  their  snow  cover  in  the  spring.   The  viability  of  the  seeds  from  the 
canopy  could  be  reduced  by  exposure  to  cold  and  dry  conditions  after  the  snow  melts, 
causing  lower  germination.   A  phytotoxin  could  have  also  been  responsible  for  the  re- 
duced germination  in  the  canopy  topsoil  (canopy)  seedbed.   If  so,  the  movement  of  the 
canopy  topsoil  to  the  opening  eliminated  its  effect,  possibly  due  to  increased  moisture. 
Also,  both  moisture  stress  and  phytotoxins  may  have  been  acting  simultaneously. 

The  poorest  germination  of  seeds  overwintering  in  the  open  occurred  from  beds  of 
litter,  litter  and  duff,  and  opening  subsoil.   It  is  very  unlikely  that  opening  subsoil 
i contains  phytotoxins;  physical  soil  properties  may  have  been  responsible.   The  germina- 
ition  of  seeds  from  litter,  and  litter  and  duff  seedbeds  was  reduced,  but  it  was  not  a 
'drastic  reduction.   Phytotoxins  may  have  been  responsible,  although  opening  subsoil 
seeds  were  not  influenced  by  phytotoxins  and  their  germination  was  reduced.   Thus  other 
environmental  factors  such  as  those  in  the  subsoil  seedbeds  could  have  reduced  germina- 
tion in  the  duff,  and  litter  and  duff  seedbeds  as  well. 

j     This  experiment  demonstrates  that  pine  seeds  overwintering  on  a  topsoil  seedbed  in 
the  open,  away  from  the  influence  of  the  pine  canopy,  have  the  greatest  potential  for 
germination  at  the  end  of  winter. 

In  the  laboratory  seedbed  experiment,  the  results  of  the  duplicate  samples--one 
assayed  after  transferring  the  petri  dish  to  the  growth  chamber  and  tlie  other  assayed 
by  first  counting  the  numlser  of  seeds  that  germinated  during  the  experiment  and  trans- 
ferring subsamples  of  the  ungerminated  population  to  the  growth  chamber--wcre  very 
similar,  so  they  were  averaged.   In  the  design  of  this  experiment,  fungal  growth  was 
not  expected  to  occur  in  seedbeds  that  had  been  autoc laved  and  the  scedcoats  treated 
with  fungicide;  however,  these  samples  did  become  contaminated.   Seedbeds  comjiosed  of 


^Numbers  followed  by  different  letters  are  significantly  different  at  the  5  percent 
level . 
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Table  1 .--The  germination  of  ponderosa  pine  seeds  stratified  in  the   laboratory  on  a 
variety  of  seedbeds  with  different  fungal  control  measures. 


Treatment^ 


Seedbed   :  Seed 


Seedbed 


Duff  :  Litter 


Litter   :   Opening   :   Canopy   :        : 
and  duff  :   topsoil   :   topsoil  :  Silica  :  Average 


80.2   84.3 


87.1    88.7 


90.2   91.1 


57.0   77.4 


87.8 


87.2 


88.3 

88.4 

81.4 

85.1 
2±9.2 

83.5 

87.5 

84.8 

86.7 
±4.8 

82.5 

84.8 

90.5 

87.7 
±7.8 

82.4 

83.2 

76.6 

81.4 
±8.6 

Average 


86.1   85.4 
±7.3   ±10.4 


86.4 

±5.4 


84.2 
±4.8 


86.0 


53.3 


±4.2    ±10.1 


^A  =  Autoclaved,  F  =  Fungicide 
2  ±  Standard  Deviation 


plant  material  were  more  heavily  infected  than  the  topsoil  seedbeds,  and  the  silica 
could  not  support  a  fungus  because  of  insufficient  nutrients.   The  combined  autoclaved- 
fungicide  seedbeds  were  probably  contaminated  by  fungal  spores  introduced  with  the 
seeds.   In  general,  all  seedbeds  that  were  autoclaved  had  a  heavier  fungal  growth  than 
those  that  were  not.   This  may  have  been  due  to  the  elimination  of  competing  bacterial 
and  fungal  populations,  the  breakdown  of  a  fungicidal  compound  in  the  seedbed  during 
autoclaving,  or  the  release  of  nutrients  by  autoclaving. 

The  seedcoat  fungicide  was  quite  effective  in  eliminating  seedcoat  contamination 
when  the  seedbeds  were  not  autoclaved.   The  fungicide  was  probably  less  effective  in 
the  autoclaved  seedbeds  because  of  the  larger  fungus  populations  in  these  dishes. 

Table  7  shows  that  within  any  one  seedbed  there  was  essentially  no  difference  in 
germination  between  any  of  the  treatment  groups.   Consequently,  the  results  for  the 
treatments  within  each  seedbed  were  averaged  and  compared.   When  this  was  done,  it  be- 
came obvious  that  there  was  no  difference  in  germination  due  to  the  seedbed  on  which 
the  seeds  were  stratified. 

Similar  results  were  obtained  by  comparing  the  germination  of  seeds  from  different 
seedbeds  that  had  received  the  same  treatment.   Again,  there  were  no  differences,  so 
the  results  for  the  six  seedbeds  were  averaged  within  each  treatment  and  then  compared. 
No  differences  were  observed  in  germination  between  treatments. 

Unlike  the  field  experiment,  no  seedbed  in  the  laboratory  hindered  the  germination 
potential  of  the  ponderosa  pine  seeds.   The  absence  of  fungus  on  the  seedbed  (silica 
seedbed)  or  the  absence  of  fungus  on  the  seedcoats  [seedcoat  fungicide  treatments)  did 
not  improve  the  germination,  or  conversely,  the  presence  of  fungus  did  not  significantly 
reduce  germination. 
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In  the  laboratory  seedbed  experiments,  all  of  the  seedbed  materials  were  very 
moist,  with  uniform  temperatures.   In  the  field  seedbed  experiments,  the  openinj^  sceabcd 
received  more  rain  and  snow  than  the  canopy  seedbed.   The  opening  seeds  all  had  greater 
germination,  although  there  was  some  difference  between  opening  treatments.   Together 
these  two  experiments  suggest  that  the  seedbed  on  which  pine  seeds  overwinter  is  not 
greatly  significant  providing  there  is  adequate  moisture. 


ALLELOPATHY  AIMD  MYCORRHIZAE 


It  is  well  known  that  most  forest  tress  require  mycorrhizal  associations  for  good 
growth  and  survival.   Although  trees  can  survive  without  mycorrhizae,  under  natural 
conditions  they  usually  become  stunted  and  may  die  (Meyer  1973).   Therefore,  chemicals 
from  natural  foliage  leachates,  the  decomposition  of  litter,  or  chemicals  from  micro- 
organisms produced  during  litter  decomposition  that  inhibit  the  growth  and  development 
of  mycorrhizae  could  indirectly  reduce  the  growth  and  development  of  conifer  seedlings. 

Handley  (1963)  describes  the  suppression  of  tree  growth  when  planted  on  ancient 
Calluna   heathlands  in  Europe.   He  attributed  the  inhibition  to  jntibiotics  (phytotoxins) 
produced  by  the  Calluna   roots  or  its  associated  mycorrhizae  that  inhibited  the  growth 
1  and  development  of  mycorrhizal  associates  on  the  sensitive  tree  species.   Without  suffi- 
cient mycorrhizae  tree  growth  was  checked.   Brown  and  Mikola  (1974)  conducted  experiments 
that  indicated  that  lichens,  particularly  Cladonia  alpestris ,    produce  toxic  chemicals 
that  adversely  affect  the  mycorrhizae  of  pine  and  spruce  seedlings  in  Finland  and  con- 
sequently reduce  their  growth. 

The  effect  of  pine  leachates  and  extracts  were  not  tested  for  toxicity  to  associ- 
ated ectomycorrhizae  in  these  experiments,  but  the  mycorrhizae  were  examined  on  pine 
seedlings  grown  under  a  variety  of  conditions  at  the  field  study  site.   The  field  results 
will  be  presented  in  a  separate  publication. 

Future  allelopathic  studies  of  tree  species  with  ectomycorrhizal  associates  should 
include  investigation  into  both  the  direct  suppression  of  seedlings  by  phytotoxins,  as 
well  as  the  indirect  suppression  of  seedlings  through  the  inhibition  of  mycorrhizae. 


SUMMARY 


Volatile  compounds  present  in  ponderosa  pine  tissues  (green  needles,  surface  litter, 
decomposing  duff,  roots,  and  bark)  did  not  inhibit  the  germination  of  pine  seeds  and  tlic 
growth  of  seedling  radicles.   In  the  tests  for  water-soluble  inli  ilii  tors ,  the  germination 
of  ponderosa  pine  seeds  was  inhibited  In-  the  10  percent  hark  solution,  the  5  and  10 
percent  duff  solution,  the  natural  stemflow,  the  f^  and  10  percent  green  needle  solution, 
and  the  5  and  10  percent  root  solution  compared  to  the  rainwater  controls.   Throughfall, 
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a  natural  leachate  of  green  needles,  did  not  inhibit  seed  germination.   However,  the 
two  artificial  green  needle  solutions  were  probably  more  concentrated  than  the  through- 
fall,  hence  the  increased  inhibition.   The  natural  stemflow  may  have  been  more  concent- 
rated than  either  of  the  prepared  bark  solutions  because  it  was  slightly  inhibitory, 
whereas  the  prepared  solutions  were  not. 

The  radicle  growth  rates  of  seedlings  exposed  to  pure  rainwater  were  significant!) 
greater  than  growth  rates  in  the  5  and  10  percent  root  solutions,  the  5  and  10  percent 
green  needle  solutions,  the  10  percent  duff,  and  the  10  percent  litter  solutions.   Agai  ■ 
both  green  needle  solutions  were  inhibitory,  but  throughfall  was  not.   Some  of  the  inhi : 
itory  effects  of  the  green  needle  solution  could  be  attributed  to  the  osmotic  potential 
of  the  solution  and  fungal  growth.   Recognizing  that  the  solutions  used  in  this  exper- 
iment were  highly  concentrated,  the  green  needle  and  root  extracts  were  the  two  most 
toxic  solutions,  and  the  bark  and  duff  extracts  were  marginally  active. 

In  the  soil  leachate  experiments,  no  significant  differences  in  germination  were 
observed  between  the  distilled  water  control  and  any  of  the  leachate  treatments.   In 
one  replication  of  this  experiment,  duff  and  bark  leachates  reduced  root  weights  com- 
pared to  controls;  however,  in  the  second  replication,  neither  of  these  solutions  were 
inhibitory.   In  most  cases,  both  shoot  and  root  weights  of  seedlings  watered  with  plant 
leachates  were  similar  to  the  distilled  water  controls. 

In  the  field  soil  bioassay,  pine  seed  germination  was  significantly  lower  in  the 
canopy  soils  than  in  the  opening  soils  in  duplicate  experiments.   This  may  have  been 
caused  by  differences  in  soil  structure  due  to  larger  amounts  of  organic  matter  in  the 
canopy  soils  creating  water  potential  differences.   It  is  also  possible  that  a  phyto- 
toxin  was  responsible.   Although  leachate  experiments  failed  to  find  strong  germination 
inhibitors  in  pine  tissues,  it  is  possible  that  weak  phytotoxins  accumulated  on  canopy 
soils  or  were  produced  by  microbial  activity.   An  interaction  between  a  weak  phytotoxin 
and  moisture  tensions  may  have  also  reduced  the  germination.   Shoot,  root,  and  total 
seedling  weights  were  very  similar  regardless  of  treatment. 

Two  separate  experiments  were  performed  to  test  the  overwintering  seedbed  effect 
on  germination.   In  the  first  experiment,  the  seeds  overwintered  in  the  field  on  variousi' 
seedbeds  with  and  without  a  canopy  cover.   Seeds  away  from  the  canopy  influence  showed 
the  greatest  germination.   This  may  have  been  caused  by  increased  moisture  and  the 
better  stratification  of  seeds  under  a  deep  layer  of  snow  in  the  openings,  a  weak 
phytotoxin  under  the  canopy,  or  both.   Seeds  stratified  on  litter,  and  litter  and  duff 
seedbeds  had  the  poorest  germination  for  those  seedbeds  located  away  from  the  canopy 
influence. 

The  second  seedbed  experiment  was  set  up  in  the  laboratory  where  the  seeds  were 
stratified  on  a  variety  of  seedbed  materials  in  a  coldroom.   Germination  percentages 
were  very  similar  regardless  of  the  seedbed.   Fungal  contamination  did  not  reduce 
seed  viability. 


CONCLUSIONS 


No  highly  toxic  compounds  in  the  live  or  dead  tissues  of  ponderosa  pine,  volatile 
or  water  soluble,  drastically  reduced  the  germination  or  early  growth  of  ponderosa 
pine  seedlings. 
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Germination  was  reduced  if  the  seeds  overwintered  beneath  the  cano]iy  of  mature 
pine  trees,  or  if  the  seeds  were  germinated  in  soil  collected  from  bencatli  tlic  cano]"iy 
of  mature  trees.   The  exact  cause  of  this  reduction  was  not  determined  although  it 
could  be  explained  by  weak  phytotoxins,  the  moisture  conditions  of  the  seeds,  or  a  com- 
bination of  the  two.   If  phytotoxins  were  responsible,  they  did  not  affect  the  growth 
of  the  seedlings  that  did  germinate. 
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PREFACE 

This  report  is  the  second  ia  a  planned  series  describing  the  concepts, 
development,  and  application  of  lightning-fire  models.    These  reports  are: 


1.  A  Conceptual  Model  for  Lightning-Fire  Prediction 
(Donald  M.  Fuquay) 

The  first  report  in  the  series  will  describe  a  conceptual  model  that  tells 
the  probability  of  forest  fuel  ignition  by  lightning.  Fire  ignition  potential 
is  described  in  terms  of  characteristics  of  summer  storms  and  individual 
lightning  flashes,  fuel  bed,  and  fuel  moisture. 

2.  A  Model  for  Predicting  Lightning-Fire  Ignition  in  Wildland  Fuels 
(Donald  M.  Fuquay,  Robert  G.  Baughman,  and  Don  J.   Latham) 

This  report  describes  a  model  for  predicting  the  number  of  lightning- 
caused  ignitions  in  forest  fuels.  The  model  is  based  on  the  physical  pro- 
cesses involved  in  ignition  of  fine  woody  fuels  by  lightning  and  the  chance 
occurrence  of  the  simultaneous  events  required  for  fire  ignition.  Input 
information  includes  lightning  activity,  storm  movement,  fuel  moisture  and 
fuel  bulk  density. 

3.  Forecasting  Lightning  Activity  and  Associated  Weather 
(Donald  M.  Fuquay) 

The  third  report  will  present  guidelines  for  forecasting  Lightning  Act- 
tivity  Levels  required  for  the  1978  version  of  the  National  Fire-Danger 
Rating  System  (NFDRS).  The  concepts,  organization,  and  data  base  for  the 
Lightning  Activity  Level  (LAL)  Guide  plus  a  forecast  and  verification  guide 
will  be  described. 


RESEARCH  SUMMARY 

A  model  has  been  developed  for  predicting  the  number  of  lightning-fire 
ignitions  in  wildland  fuels.  The  model  is  based  on  both  stochastic  and  phys- 
ical processes.  Stochastic  methods  are  used  to  generalize  the  lightning- 
storm  characteristics  and  site  conditions  that  affect  the  potential  for  igni- 
tion. Physical  processes  are  involved  in  determining  the  ignition  probability 
of  woody  fuels  by  individual  lightning  events.  Input  required  to  operate  the 
model  includes  lightning  activity,  upper  air  windspeed  (storm  movement), 
fuel  moisture,  and  fuel  bulk  density.  The  model  can  be  used  either  to  pre- 
dict ignitions  at  some  future  time  by  using  forecast  data  or  to  estimate  the 
number  of  fire  ignitions  actually  occurring  by  using  current  data. 

A  lightning  activity  level  (LAL)  guide  has  been  provided  as  a  means  for 
field  personnel  to  interact  with  the  model.  Although  the  predicted  LAL  and 
upper  air  windspeed  are  provided  by  the  National  Weather  Service,  the  LAL 
guide  can  be  used  in  the  field  to  determine  the  actual  lightning  activity  level. 
The  LAL  guide  is  given  in  terms  of  an  index  that  describes  the  cloud  and 
storm  development  and  expected  amount  of  cloud-to-ground  (CG)  lightning. 
For  example,  an  LAL  index  of  Idescribes  the  condition  of  no  thunderstorms, 
while  an  LAL  of  5  describes  a  very  active  thunderstorm  development  with 
over  three  CG  discharges  per  minute.  By  referring  to  the  LAL  guide,  field 
personnel  can  use  cloud  descriptions,  rate  and  amount  of  CG  lightning,  and 
area  coverage  of  storms  to  confirm  lightning  activity  level  forecasts. 

The  lightning-fire  ignition  model  estimates  the  maximum  number  of 
ignitions  to  be  expected  under  specified  conditions.  The  probability  of  these 
ignitions  becoming  reported  fires  is  not  covered  in  this  model  development, 
but  is  the  subject  of  further  work. 
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INTRODaCTlON 


This  report,  the  second  of  several  planned  on  the  topic  of  lightning-caused  fires 
see  Preface) ,  describes  the  development  and  structure  of  a  model  for  predicting  the 
ignition  of  wildland  fuels  by  lightning.   The  model  is  both  physical  and  stochastic  in 
tructure.   The  physical  processes  for  ignition  of  fine  woody  fuels  by  lightning  are 
he  basis  for  the  model.   Stochastic  processes  are  used  to  generalize  site  conditions 
or  a  large  area  and  the  chance  occurrence  of  simultaneous  events  required  for  ignition. 

]    The  updated  National  Fire-Danger  Rating  System  (1973  version)  uses  a  lightning- 
'ire  occurrence  index  as  a  measure  of  lightning-fire  risk.   We  have  developed  a  light- 
ing ignition  model  that  could  provide  the  basis  for  a  lightning-caused  fire  occurrence 
nde.x  within  the  context  and  limitations  of  the  National  Fire-Danger  Rating  System 
NFDRS)  .   In  keeping  with  the  NFDRS,  an  oooiO'r'ence  index   is  a  number  on  a  relative 
cale,  usually  0-100,  relating  to  the  potential  fire  incidence  within  a  protection  unit, 
he  model,    as  discussed  here,  provides  a  systematic  means  of  producing  a  lightning-fire 
ccurrence  index. 

\ 

The  ignition  of  forest  fuel  by  lightning  depends  on  a  large  number  of  variables 

nd  chance  factors.   The  development  of  this  lightning-f ii'e  ignition  model  assumes 
hat  the  probability  of  ignitions  resulting  from  lightning  discharges  can  be  estimated 
rom  a  very  limited  amount  of  physical  data,  particularly  on  fuel  and  storm  character- 
sties.   The  utility  of  the  model  will  depend,  for  the  most  part,  on  our  ability  to 
eneralize  those  conditions  within  the  wildland  environment  that  most  influence  the 
gnition  processes. 

i    The  following  general  guidelines  were  used  to  develop  the  lightning-fire  ignition 
lodel : 

j    1.   The  model  had  to  be  compatible  with  the  philosophy  of  the  NFDRS;  it  should 
valuate  the  "worst"  conditions  within  a  rating  area. 

2.  The  model  had  to  provide  an  estimate  of  the  maximm   expected  number  of  igni- 
ions,  using  either  forecasted  or  observed  values  of  the  critical  variables. 

i 

3.  Guidelines  were  needed  for  forecasting  the  essential  variables  and  for  vcri- 

"yi-ng  that  the  forecast  events  occurred. 


"A  Conceptual  Model  for  Lightning-Fire  Prediction"  (Fuquay  1974-^),  summarized  oi 
first  attempt  to  develop  a  lightning-fire  prediction  model.   This  earlier  model  gen- 
erates a  probability  of  forest  fuel  ignition  by  lightning.   Fire  ignition  potential 
described  in  terms  of  characteristics  of  summer  storms  and  individual  lightning  flasl; 
fuel  bed  descriptors,  and  fuel  moisture.  The  ignition  generator  in  the  earlier  model 
corresponding  to  the  Lightning  Risk  (LR)  factor  in  the  present  NFDRS,  is  based  on  hi 
torical  probabilities  of  storm  occurrence  and  flash  characteristics,  and  on  lightninj, 
forecasts.   Prediction,  or  estimate,  of  reported  fires  depends  on  the  area  distribut 
of  specified  fuels,  state  of  the  fuel,  ambient  meteorological  factors,  and  a  probabi .? 
of  sustained  ignition  based  on  fire  spread  models.   Some  features  of  this  earlier  mo  I 
were  used  in  developing  the  model  described  here. 

The  lightning-fire  ignition  model  estimates  the  maximum  number  of  ignitions   to  i 
expected  under  specified  conditions.   The  probability  of  these  ignitions  becoming 
reported   or  statistical   fires  is  not  covered  in  this  report. 

The  large  array  of  variables  influencing  the  ignition  of  forest  fuels  by  lightn 
is  illustrated  in  figure  1.   We  feel  that  a  useful  estimate  of  the  number  of  expecte I 
ignitions  can  be  derived  from  a  model  which  considers  only  the  following: 

1.  Area  density  of  cloud-to-ground  (CG)  lightning 

2.  Storm  movement  (steering  level  winds) 

3.  Precipitation  duration 

4.  Fine  fuel  moisture 

5.  Lightning  flash  characteristics 

6.  Effective  bulk  density  of  fine  fuels. 

In  the  following  section,  we  group  these  variables  into  components  or  building 
blocks  to  form  the  structure  of  a  lightning-fire  ignition  model. 


STORM 
-Size 

-Area  covered 
-Movement 


LIGHTNING 
-Amount 
-Area  density 
-Amount  in  rain  track 
-Ignition  characteristics 


Figure  1. — The  lightn 
fire  ignitions  envi 
ment. 


I? 


FUELS 

-Ignitability 
-Amount 
-Distribution 
-Fuel  moisture 
-Response  to  rainfall 


A  conceptual  model  for  lightning-fire  prediction. 
Northern  Forest  Fire  Laboratory,  Missoula,  Mont, 


Unpublished  report  on  file 


COMPONENTS  OF  THE  LIGHTNING-FIRE 
IGNITION  MODEL 


Lightning  Activity  Level 

The  Lightning  Activity  Level  (LALl  is  an  index  of  thunderstorm  activity  on  a  basic 
ale  of  1  to  5  (see  "How  the  Model  Works,  LAL  Guide").   The  LAL  scale  and  narrative 
scription  format  are  similar  to  those  given  by  Deeming  and  others  (1972).   We  assume 
at  the  lightning  activity  and  accompanying  meteorological  conditions  occurring  within 
forecast  area  of  approximately  2,500  mi-^  (6,500  km'^)  can  be  adequately  represented  by 
lisingle  index  value.   The  LAL  index  enables  a  forecaster  to  predict  the  general  con- 
Iftions  expected  within  the  forecast  area.   The  LAL  descriptors  can  be  used  on  the 
;bund  to  identify  and  label  wliat  actually  occurs  and  to  convey  the  information  back 
the  forecaster. 

The   information  content  of  the  LAL  index  is  summarized  in  the  LAL  Guide  (Cable  1). 
liightning  activity  level  forecast  assigns  predetermined  values  to  the  following: 

1.  Num.ber  of  cloud-to-ground  discharges  (CG)  jier  2,500  mi-'  (6,500  km- ) 

2.  Area  covered  by  radar  echoes 

3.  Area  intensity  of  rainfall 

4.  Storm  size  and  duration. 

ch  of  the  activity  levels  in  the  guide  provides  the  forecaster  with  information  to 
.scribe  the  conditions  expected  in  the  forecast  area  (lightning,  cloud  development, 
ecipitation)  and  for  use  by  the  observer  in  the  field  to  determine  the  LAL  that 
Itually  occurred  (cloud  description,  amount  and  rate  of  lightning  occurrence). 


Meteorological  Considerations 


Fine  fuels  are  highly  susceptible  to  wetting  by  rainfall.   Tlie  rainlall  accom- 
nying  lightning  increases  fuel  moisture  and  decreases  tlie  probability  of  ignition. 
eory  predicts  that  water  uptake  by  fuel  is  affected  more  by  duration  of  precipitation 
an  by  amount  or  rate  (Fosberg  1972).   This  concept  is  used  in  oui-  model.   Calculation 
the  rainfall  duration  and  fuel  moisture  recjuircs  knowledge  of  tlic  storm  size,  si)eed, 
:d  duration  ("How  the  Model  Works").   Windspecd  at  cloud  level  (upper  windspeed)  is 
ed  to  represent  storm  speed.   Other  meteorological  elements  such  as  air  temperature, 
midity,  stability,  and  surface  wind  are  not  considered  to  play  an  important  part  in 
is  ignition  model. 
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Ignition 


Lightning-caused  fires  originate  almost  exclusive")-  in  i"\uc    fuels,  i)art  icuhn-l  \  in 
;onifer  duff  and  litter  under  trees,  and  in  so-called  "i)unky  wood"  found  in  sna;',s  and 
n  crowns  of  some  living  trees  (Taylor  1969).   These  fuels  fall  into  the  l-hour  tiiiiela;'. 
■.ategory  of  the  NFDRS,  and  can  be  assigned  a  heat  of  ignitiiMi  tliat  depends  on  the  fuel 
nd  the  amount  of  water  (fuel  moisture)  present.   As  the  fuel  is  heated  duriii",  ttie 
gnition  process,  this  water  must  be  evaporated  (at  least  from  the  surface  1  avers i  be- 
j'ore  ignition  can  take  place.   The  quantity  of  heat  rec|uired  to  ignite  a  luiit  volume  of 
Fuel  depends  on  the  heat  of  ignition  of  the  fuel  per  unit  mass,  tiie  amount  of  fuel  per 
;init  volume  (bulk  density),  and  the  fuel  moisture.   Bulk  densities  of  the  fine  wood\ 
j'uels  used  in  the  model  calculations  have  values  ranging  from  2   to  1  _'  lb/ft  '  (0.052  tt) 
kl92  g/cm^) .   These  are  much  higher  fine  fuel  bulk  densities  than  those  used  for  fuel 
oading  in  fire  spread  models  where  densities  are  averaged  over  a  large  are;i  (sec 
able  5). 

A  lightning  flash  to  ground  (CG)  consists  of  several  se(|uential  events;  among  tlu^s'_^ 
[re  the  "return  strokes."  The  return  strokes,  surges  of  current  in  the  channel,  crmse 
he  flash  of  light  and  thunder.   In  about  20  percent  of  these  C(i  flashes,  an  event 
ailed  the  "long  continuing  current"  (LCC)  will  be  present.   The  L(X;  has  been  shown  to 
e  highly  likely  to  ignite  most  lightning-caused  forest  fires  (Fuqua>-  and  otliers  19(i~, 
972).   Thus,  the  LCC  event  is  included  as  an  important  part  of  our  model  ("itow  the 
odel  Works,  Ignition  Probability"). 

I    We  now  have  the  fuel,  litter  and  duff,  and  the  "match,"  the  LCC  event.   The  i.C'C 
(.as  a  wide  range  of  energies,  and  all  will  not  supply  sufficient  energ\'  to  ignite  the 
juel .   We  must,  therefore,  have  an  ignition  criterion--a  way  to  ilesignate  if  ignition 

as  taken  place.   Our  model  uses  a  very  simple  approach.   If  the  energ\-  supplied  b}  nn 
jCC  is  greater  than  the  amount  required  to  ignite  the  fuel,  an  ignition  occui's.   The 

odel  relates  this  ignition  criterion  to  storm,  liglitning,  and  fuel  characteristics. 


Model  Structure 


Figure  2  is  a  simplified  diagram  of  the  model.   The  in|uits  are: 

-  LAL,  giving  the  number  of  expected  discharges,  the  storm  size,  and  tlie  duration 
of  the  lightning  activity 

-  speed  of  the  storm 

-  initial  fine  fuel  moisture 

-  fuel  bulk  density. 

We  use  these  inputs,  together  with  what  we  know  about  the  wetting  of  fuels  and 
;he  nature  of  the  LCC,  to  predict  the  probability  that  a  discharge  will  cause  ignition. 
'his  probability  is  combined  with  the  total  number  of  discharges  expected  in  a  gi\'cn 
;-rea  to  give  the  number  of  expected  fire  ignitions  in  that  area.   The  following,  section 
overs  the  calculations  in  detail. 


LIGHTNING    IGNITION   MODEL 
(Conceptual  Structure) 
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Figure  2. — Lightning -fire  ignition  model    (oonoeptual  structure). 


HOW  THE  MODEL  WORKS 


Lightning  Activity  Level  Guide 


The  LAL  is  an  index,  ranging  in  steps  from  1  to  5,  used  to  describe  a  generalize: 
daytime  thunderstorm  condition  within  a  specified  forecast  area  (LAL  6,  a  special  ca5! 
is  covered  under  "Precipitation  Amount  and  Area  Coverage").   In  most  cases,  the  fore- 
cast areas  are  designated  by  the  National  Weather  Service  Fire-Weather  Forecast  Offic; 
in  their  annual  operating  plan.   Forecast  areas  vary  considerably  in  size  and  shape. 


The  basic  and  smallest  area  for  whicli  a  forecast  is  made  is  2,500  ini-\  a  scjiiare 
0  miles^on  a  side  (about  6,500  km^).   The  values  I'.ivcn  in  the  LAI,  (luide  afc  foi-  each 
,500  mi"  unit  within  a  forecast  area.   When  lightning  iiccurrenco  or  storm  coverage  is 
bserved  in  tlie  field,  the  observed  values  sliould  be  adjusted  to  this  same  area.   Light- 
ing observed  over  about  a  28-mile  radius  (45  km)  would  cori'es|H)ntl  to  the  2,500  mi' 
brecast  unit. 

In  general  practice,  the  forecast  LAL  is  used  to  calculate  the  maximum  number  of 
ew   ignitions  to  be  expected  in  the  forecast  area  for  the  ]ieriod  of  the  forecast.   In 
he  NFDRS,  the  number  of  holdover  or  "sleeper"  fires  is  based  on  the  LAL's  that  actu- 
lly  occurred  on  previous  days.   For  this  reason,  an  LAL  forecast  should  always  be 
egarded  as  conditional.   It  must  be  confirmed  or  corrected  before  being  used  for  liold- 
ver  fire  calculations  on  subsequent  days. 

For  example,  a  forecast  of  LAL  4  for  a  given  forecast  area  means  that  t'/  hAL  4 
ctuall)'  occurs,  the  descriptions  within  the  LAL  Guide  should  be  representative  of 
onditions  within  the  forecast  area.   The  descriptors  and  calculation  of  ignition  oc- 
urrence  are  valid  only  if   that  LAL  actually  occurs.   Thus,  there  must  be  field  confii-- 
ation  of  the  occurrence  of  the  forecast  events. 

The  LAL  Guide  has  been  developed  with  both  forecasting  and  confirmation  in  miml. 
onfirmation  can  be  accomplished  by  both  the  forecast  office  and  field  personnel .   The 
orecaster  can  confirm  using  available  radar  data  (maximum  radar  height  of  storms, 
recipitation  coverage  and  duration],  pilot  reports,  satellite  data,  and  network  meteor- 
logical  data.   Field  personnel  can  use  cloud  descriptions,  rate  and  amount  of  observed 
G  lightning,  and  area  coverage  of  storms  to  confirm  the  LAL. 

Now  let's  look  at  the  LAL  Guide  and  review  its  structure  and  the  sources  of  data, 
he  following  is  an  outline  of  the  LAL  Guide  (table  1]: 

a.  Typical  cloud  and  precipitation  conditions 

1.  Cloud  and  storm  development 

2.  Area  coverage  of  radar  echoes 

3.  Area  amount  of  precipitation. 

b.  Lightning  -  amount  and  rate 

1.  Maximum  radar  height  vs.  lightning 

2.  Lightning  occurrence  rates. 

The  basic  data  set  for  the  LAL  Guide  consisted  of  measured  lightning  and  associ- 
ted  meteorological  events  during  the  summer  months  of  1965,  1966,  and  1967  near 
|iissoula,  Montana.   The  3-year  period  included  seasons  of  high  and  low  lightning 
Recurrence. 

I    Amount  of  ligktning .  - -l\\e   first  step  was  to  estimate  the  number  of  VX\   discharges 
ssociated  with  each  LAL.   To  do  this,  we  first  found  the  distribution  of  CG  liglit- 
ing  per  storm  day  vs.  maximum  radar  echo  height.   (The  visual  to]i  of  a  cloud  or 
hunderstorm  system,  as  might  be  reported  by  a  pilot,  generally  exceeds  the  I'adai-  echo 
leight  by  about  2,000  ft  (600  m)  .    Fuquay  (1967)  showed  that  a  strtnig  i-el  at  i  onsh  i  p 
Ixists  between  maxim.um  radar  echo  height  and  tlie  frcqucnc\-  of  ligiitning.   i'hen,  LAL's 
f'ere  assigned  by  height  classes,  with  the  aid  of  relative  fre(|uency  of  occun-ence  data 
'or  each  radar  echo  height.   In  assigning  the  maximum  heights  to  an  LAI.  index,  it  was 
'Recognized  that  a  forecast  will  include  a  range  of  values  to  be  expected  over  the 
brecast  area.   Thus,  LAL  3  implies  that  we  can  expect  maximum  ratlar  tieights  to 
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generally  fall  in  the  range  26,000  to  32,000  ft  m.s.l.  (7,900  to  9,700  m)  over  the 
forecast  zone.   Finally,  using  radar  and  lightning  data,  we  developed  an  estimate  of 
the  amount  of  CG  lightning  that  could  reasonably  be  assigned  to  each  LAL  class  (tabl  ; 

Maximum  lightning  ooaurvenoe  rates. --Lightning  occurs  from  coherent  groups  of 
clouds  or  a  storm.  Usually,  the  storm  will  cover  less  than  500  mi^.  We  call  this  ai 
individual  storm.  A  storm  may  be  made  up  of  one  to  several  cells  each  in  a  differen: 
stage  of  development.  Two  or  more  individual  storms  may  occur  within  the  forecast  a :i 
We  can  use  the  maximum  lightning  occurrence  rate  from  one  of  these  storms  to  estimat ; 
the  LAL.  In  general,  the  maximum  rate  will  occur  during  the  middle  one-third  of  the 
storm  period.   Table  1  gives  the  expected  flash  rates  for  each  LAL  class. 

Avea-intensity  of  radav  echoes. --An   estimate  of  the  fraction  of  the  forecast  ar i 
covered  by  radar  echo  intensities  of  very  light,  light,  moderate,  and  heavy  for  each 
LAL  class  was  determined  (table  2).   Some  judgment  will  be  required  in  applying  thes. 
data.   The  lightning-fire  ignition  model  is  designed  for  the  midseason  storms  when  ai 
appreciable  number  of  fire  starts  can  present  a  management  problem.   The  preseason  ai . 
postseason  storms  do  not  usually  result  in  large  number  of  lightning  fires.   In  the 
Northern  Rockies,  the  onset  of  the  midseason  storm  period  is  early  in  July.   Further 
south,  the  season  will  often  begin  in  late  May  and  early  June.   The  onset  of  the 
postseason  storms,  the  fall  regime,  usually  marks  the  end  of  the  summer  fire  season. 


Table  2. --Radar  echo  intensity  and  ooveragCj   as  a  fraction  of  the 
forecast  area  covered  by  radar  echoes 


LAL 

:    Season 

Fronta 

1  (F) 

:   Non- 
:   VL 

-frontal 
L   : 

(AU, 

M   : 

U) 

index 

:   VL 

L   : 

M   : 

H 

H 

2 

Preseason 

0.7 

0.5 

Midseason 

.1 

>.l 

- 

- 

0.1 

>0.1 

- 

- 

Postseason 

- 

- 

- 

- 

- 

- 

- 

- 

3 

Preseason 

.7 

.5 

_ 

_ 

.  2 

.1 

_ 

- 

Midseason 

.3 

.1 

.05 

- 

.2 

.1 

.05 

- 

Postseason 

.5 

.1 

.05 

- 

.5 

.1 

.05 

- 

4 

Preseason 

.7 

.5 

.1 

_ 

_ 

_ 

- 

- 

Midseason 

.4 

.2 

.1 

- 

.2 

.1 

.05 

- 

Postseason 

.5 

.2 

.1 

- 

.5 

.1 

.05 

- 

5 

Preseason 

.7 

.5 

.1 

_ 

- 

_ 

_ 

- 

Midseason 

.4 

.2 

.1 

.05 

.3 

.1 

.05 

.02 

Postseason 

.5 

.2 

.1 

.05 

.4 

.2 

.1 

.05 

VL  =  Very  light 
L  =  Light 


M  =  Medium 
H  =  Heavy 


Precipitation  amount  and  area   coyerag'S. --Precipitation  from  midseason  summer 
thunderstorms  is  usually  very  spotty.   An  analysis  of  radar  data  (table  3)  gives  an 
estimate  of  how  much  of  a  forecast  area  will  receive  precipitation  and  the  expected 
amount.   These  values  should  be  interpreted  as  follows:   For  an  LAL  3,  72  percent  of 
the  forecast  area  will  have  0  or  a  trace  of  precipitation.   About  20  percent  of  the 
area  will  receive  from  0.01  to  0.09  inch  (0.2  to  2.3  mm)  of  rain.   Perhaps  only  2  per 
cent  of  the  area  will  receive  from  0.2  to  0.5  inch  (5  to  13  mm).   The  actual  values 
have  been  rounded  off  for  use  in  the  LAL  Guide. 


Table  3. --Precipitation  amount    (inah)  and  area  coveraqe    (percent) 
for  LAL's   1-5. 


Precipitation  amount 


Rainfall  area  coverage 
LAL  1   :   2   :   3   :   4 


(inch) 


(percent) 


0.9  -0 

.99 

.8  - 

.89 

.7  - 

.79 

.6  - 

.69 

.5  - 

.59 

.4  - 

.49 

.3  - 

.39 

1 

.29 

.1  - 

.19 

.01- 

.09 

Trace 

0 

1 

1 

1 

1 

1 

1 

4 

1 

1 

6 

1 

1 

3 

1 

3 

5 

5 

10 

5 

9 

21 

19 

27 

12 

14 

10 

L4 

79 

58 

54 

34 

The   high-level   thunderstorm   (LAL   ^j.--The  liigh-level  dry  thunderstorm  (LAL  6J  is 
special  situation  not  fully  covered  by  this  report.   We  know  that  this  type  of  storm, 
lile  relatively  rare,  can  present  a  severe  fire  problem.   Also,  at  the  present  time, 
16  forecast  of  such  storms  is  always  accompanied  by  a  red  flag  warning  issued  by  the 
precaster.   The  determination  of  the  appropriate  values  for  calculating  the  fire  load 
jssociated  with  these  storms  will  require  additional  study  and  development.   In  the 
pterim,  the  lightning  activity  for  LAL  3  of  40  CG  discharges  should  be  forecast.   The 
ick  of  precipitation  associated  with  LAL  6  is  handled  within  the  model  structure. 

The  term  "high-level  thunderstorm"  should  be  reserved  for  the  situation  where 
efficient  moisture  and  instability  for  thunderstoi'm  initiation  are  found  in  the  uppei' 
levels  only.   Cloud  bases  in  the  Northern  Rockies  will  be  at  the  15,000  to  17,000  ft 
'about  4,600  to  5,200  ml  levels.   The  thunderstorm  activity  is  generally  triggered  h)- 
he  advection  of  cold  air  aloft,  an  upper  cold  front  passage,  or  widespread  vertical 
Dtion.   This  situation  is  often  preceded  by  altocumulus  castellanus    in  the  earl}'  to 
idmoming  hours.   The  actual  speed  of  storm  movement  varies  considerably,  from  near 
tagnant  conditions  to  rapidly  moving  systems.   The  local  cells  may  show  consideralUe 
recipitation  in  the  form  of  virga,  but  virtually  no  precipitation  reaches  the  ground 
rom  the  high  bases.   Strong  dov\fndrafts  may  develop  as  the  rain  evaporates  below  cloud 
ase.   If  the  downdraft  reaches  the  ground,  strong  erratic  surface  winds  may  result. 

In  situations  with  relatively  high  moisture  content  at  all  levels,  storms  may  be 
riggered  by  the  same  mechanisms.   However,  bases  will  be  generally  lower  and  consider- 
ably more  moisture  will  reach  the  ground.   This  situation  would  be  better  described 
y  LAL's  2  or  3. 


Rainfall  Effect  on  Fuel  Moisture 


Rainfall  has  a  major  influence  on  lightning-fire  ignition  because  it  occurs  along 
ith  lightning  and  immediately  affects  the  moisture  content  of  fine  forest  fuels.   line 
uel  moisture  is  a  predominant  factor  in  the  ignition  of  fire  and  was  tliereforc  made  a 
omponent  of  the  model.   Although  other  meteorological  elements  such  as  tem])eTnturc , 
umidity,  and  wind  are  also  involved,  they  are  only  briefly  considered  ho'e. 


How  rainfall  produces  a  rapid,  predictable  increase  in  fine  fuel  moisture  is 
described  in  a  recent  theory  by  Fosberg  (1972) .   It  states  that  water  uptake  by  wool 
limited  by  the  rate  that  moisture  can  be  transferred  from  the  surface  to  internal 
layers  of  the  fuel.   Therefore,  the  final  fuel  moisture  depends  on  the  time   that  the 
fuel  surface  is  exposed  to  precipitation  rather  than  the  rate  or  total  amount  of  pre 
cipitation.   Also,  moisture  loss  is  quite  rapid  following  the  end  of  precipitation. 
Following  this  theory,  we  use  rainfall  duration   in  our  model,  instead  of  rainfall 
amount  or  rate,  and  disregard  any  day-to-day  carryover  effect  of  rain  on  fuel  moisti; 
The  duration  of  precipitation,  as  used  in  the  model,  corresponds  to  periods  of  con- 
tinuous lightning  activity.   Even  though  lightning  strikes  at  random  times  during  a 
rainfall,  we  are  assuming  that  the  fuel  has  reached  its  final  moisture  value  before 
"allowing"  it  to  be  struck.   This  may  mean  a  very  slight  underestimate  of  the  total 
ignition  probability. 

Rainfall  duration .-- An   estimate  of  rainfall  duration  at  a  point  on  the  ground 
can  be  obtained  by  finding  the  ratio  of  storm  size  to  storm  speed.   Storm  size  refer! 
to  the  core  of  the  cloud  (radar  echo)  that  produces  lightning  and  precipitation,  and 
not  to  the  overall  visible  extent  of  clouds  making  up  the  storm.   Our  model  relates 
storm  size  to  each  of  the  LAL's.   This  was  done  by  using  data  where  the  horizontal 
storm  dimension  and  corresponding  maximum  radar  echo  heights  were  given  for  North  Dai 
(Miller  and  others  1975)  and  Montana  (unpublished  data^) .   These  maximum  heights  wer 
then  matched  with  the  maximum  radar  echo  heights  for  each  LAL  class  to  give  us  an  LA 
to-horizontal  storm  dimension  relationship.   Thus,  a  prediction  or  declaration  of  an 
LAL  automatically  selects  a  maximum  storm  dimension  in  the  model. 

It  is  known  that  lightning  strikes  the  ground  both  inside  and  outside  of  the  ra 
area  (or  track)  on  the  ground,  and  observations  indicate  that  a  total  lightning  stri 
zone  4  miles  wider  than  the  corresponding  storm  width  is  appropriate  for  model  use. 
The  storm  size  (rainfall  track  width)  and  lightning  zone  width  corresponding  to  each 
LAL  class  are  given  in  table  4. 

Table  4. --Storm  size  and  lightning  zone  size  as  defined  in 

figure  3 


:    Storm 

size 

:  Lightnin 

g  zone  size 

LAL 

:  Miles  : 

Kilometers 

:  Miles   : 

Kilometers 

2 

3 

4.8 

7 

11.2 

3 

4 

6.4 

8 

12.8 

4 

5 

8.0 

9 

14.4 

5 

7 

11.2 

11 

17.6 

We  also  need  to  know  the  speed  of  a  storm  to  calculate  rain  duration.   There 
exists  an  upper  air  level  (steering  level)  where  the  velocity  of  the  basic  flow  bear 
a  direct  relationship  to  the  velocity  of  clouds  embedded  in  the  flow.   For  example, 
the  best  steering  level  over  the  Northern  Rockies  is  the  14,000  ft  (4,300  km)  level 
(Osborne  and  others  1953).   For  the  49  cases  tested  (radar  echo  movement),  the  14,00(H 
ft  (4,300  km)  echo  speed  was  within  10  knots  of  the  windspeed  90  percent  of  the  time 
Upper  windspeed  data  available  from  the  National  Weather  Service  can  be  used  to  cal- 
culate windspeed  at  this  level.   Rain  duration  can  then  be  computed  as  the  ratio  of 
storm  size  to  storm  speed. 


•^Unpublished  data  on  file  at  the  Northern  Forest  Fire  Laboratory,  Missoula,  Mont 
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Rainfall  effect  on  fine  fuel  moisture .- -The   effect  of  precipitation  on  the  fine 

fuel  moisture  content  can  be  determined  by  the  following  equation  (Fosberg  1972): 

X  /A  1       -t/im 

6m/ Am  =  1  -  i;  e 


where: 

6m  is  the  actual  moisture  content  change 

Am  is  the  potential  change 

C  is  a  varying  parameter,  depending  on  t/i 

t  is  the  time  period  involved  (rainfall  duration) 

T  is  the  particle  moisture  timelag. 
m        '                      ^ 

6m/ Am  can  be  given  as: 


=  FMF  -  FMl 

6m/Am 


FMS  -  FMI 
where: 

FMF  is  the  final  fuel  moisture  content 

FMI  is  the  initial  moisture  content 

FMS  is  the  moisture  content  at  the  wetted  surface  of  the  fuel,  thus 


FMF  =  FMI  +  (FMS  -  FMI)  (1  -  c  e  ^'^'^m)  . 


Fosberg 's  theory  was  developed  for  dead  cylindrical  fuel  such  as  logs,  stems,  and 

twigs.   We  apply  the  theory  to  any  fine  fuel  that  may  be  ignited  by  lightning,  including 

fuel  on  trees  and  snags,  or  m  duff  and  litter  layers.   Also,  since  we  are  dealing  only 

with  fine  fuels,  we  limit  the  values  of  FMF  to  those  fuels  with  timelag  periods  of  1 

hour  or  less.   This  means  that  we  can  use  a  1-hour  moisture  timelag  value  for  t  ,  set 

m 
C  equal  to  1,  and  assign  FMS  a  value  of  76  percent  (after  Fosberg  1972).   The  initial 

fuel  moisture  (FMI)  can  be  obtained  from  current  observations  (Deeming  and  others  1972) 

while  the  rainfall  duration  (t)  is  obtained  as  given  above. 

Rainfall  area. --Vie   have  shown  (fig.  3)  that  we  consider  two  areas  within  each  storm: 
a  rainfall  area  and  a  lightning  area.   We  included  two  areas  in  the  model  because  light- 
ning hits  both  inside  and  outside  of  the  storm  rainfall  area.   Obviously,  the  ignition 
probability  inside  the  rainfall  area  is  less  than  that  outside  the  rainfall  area. 
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LIGHTNING  AREA 
BOUNDARY 


Figure  2.  — Idealized  shape  of  lightning  and  rain  area. 


D  =  Lightning  activity  duration 
U  =  upper  wind speed 
S  =  storm  size  (rainfall  area) 
L  =  lightning  area 


In  order  to  calculate  the  different  ignition  probabilities,  we  need  to  know  the 
lightning  activity  duration  and  the  relative  size  of  the  area  with  rainfall  and  of  the 
dry  zone  outside.  (Lightning  activity  duration  refers  to  the  continuous  periods  of 
lightning  activity  in  a  general  area.)   For  modeling  purposes,  information  was  taken 
from  data  obtained  in  western  Montana  (Fuquay  and  Baughman  1969).   The  following 
tabulation  gives  a  representative  storm  duration  from  each  LAL: 


LAL      Lightning  Aativity  Duration 

(Minutes) 


150 
174 
200 
230 


The  idealized  shape  of  an  electrically  active  storm  (considering  a  circular  storm 
moving  along  with  the  wind)  is  that  of  a  racetrack  with  an  infield.   Lightning  hits  the 
total  area  (racetrack  plus  infield)  while  rain  falls  only  in  the  infield.   Figure  3 
shows  the  racetrack  concept. 

The  fractions  of  the  area  with  rain  (Fl)  and  without  rain  (FO)  are  computed  as 
follows : 


Fl  = 


4DUS  +  ttS^ 
4DUL  +  ttL^ 


FO  =    1 


Fl, 
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A  flow  diagram  (fig.  4)  shows  the  steps  necessary  to  obtain  a  final  fuel  moisture 
(FMF)  due  to  rainfall  and  the  fractional  size  of  the  area  with  (FTl  and  without  (VO) 
rain.   This  information  will  be  combined  later  with  ignition  jirobabi 1 i t i es  to  calculate 
an  overall  average  probability. 


CZ3 


C 


UPPER  WINDSPEEO 


> 


C 


INITIAL  FUEL  MOISTURE 


C 


UPPER  WINDSPEED 
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> 


C^ 


CALCULATE 

PRECIPITATION 

DURATION 


I 


CALCULATE 

FUEL  MOISTURE 

IN  RAIN  ZONE 

(FMF) 


QfmfJ 


GET 
LIGHTNING 
ACTIVITY  DURATION 


I 


CALCULATE 

FRACTION  OF  AREA 

IN  RAIN 


I 
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FRACTION  OF  AREA 

OUTSIDE  RAIN 


Figure  4. — Final  fuel  moisture  and  rain  fraction  determination 
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other  meteorological  elements .--Other   meteorological  elements  such  as  temperature 
humidity,  and  wind  are  also  part  of  the  lightning-fire  problem.   Air  temperature  and 
humidity  are  included  indirectly  in  our  model  through  the  use  of  an  initial  fuel  mois-  | 
ture  content.  The  model  is  presently  set  up  to  use  the  1  hour  fine  fuel  moisture  as 
an  initial  condition.   The  surface  wind  is  not  now  included  as  a  factor  in  ignition. 
We  may  need  to  change  our  model  with  regard  to  these  elements  later  on. 


Ignition  Probability 


We  need  to  know  the  probability  that  a  CG  discharge  will  ignite  the  fuel  through 
which  it  passes.  We  have  shown  that  ignition  depends  on  the  characteristics  of  the 
fuel,  its  moisture  content,  and  the  nature  of  the  lightning  flash.   The  basic  criterio i 
for  ignition  is  that  , 


E   >  E. 
c     ig 


: 


where : 

E   =  the  energy  density  of  the  lightning  channel 

E.   =  the  energy  density  required  to  ignite  a  volume  of  fine  fuel. 

Here,  we  shall  develop  an  expression  for  the  probability  that  a  CG  discharge  willl 

have  an  energy  density  E  >  E.  . 
bJ  -^   c     ig 

First  we  consider  E.   for  fine  fuels.   The  energy  density  necessary  to  ignite  a 

volume  of  fuel  is  taken  from  Anderson  (1969),  as  well  as  Frandsen  (1973),  Stockstad 
(1975),  and  Rothermel  (1972),  and  can  be  expressed  as: 

E.g  =  (£)  (RHOB)  (Q.g)  (1) 

where: 

Q.   =  ignition  energy  per  unit  mass  of  fuel 

RHOB  =  the  fuel  bulk  density 

£   =  an  efficiency  factor,  ^  1  for  fine  fuels. 

This  expression  can  be  put  in  terms  of  fuel  moisture  (FM)  and  bulk  density  (RHOB) : 

E.   =  RHOB  (170  +  6.20  FM)  cal/cm^  (2) 

RHOB,  as  used  in  our  model,  refers  to  concentrations  of  fine  fuels  such  as  duff  and 
litter,  standing  punky  wood,  etc.   It  is  not  the  average  fine  fuel  bulk  density  as  usee 
in  the  NFDRS. 

These  "spot"  bulk  densities  of  various  fine  fuels  can  be  obtained  from  Brown  (197(i; 
and  Mader  (1953).   Typical  values  for  those  fuels  likely  to  be  struck  are  given  in 
table  5.   The  model  treats  RHOB  as  a  continuous  variable. 
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Table  5. --Bulk  densities  for  some  of  the  NFl'RS  fuel  models.      After  Brown 
(1970,    private  communications);   Mader    (1953) 


NFDRS     :      RIIOB 


Forest  fuel  t)rpe  :   fuel  model    :   Ib/ft^  :  g/cm' 


Tundra  S  2  0.032 

Western  annual  grass  A  2  .032 

Pine-grass  C  4  . 064 

Western  long-needled  conifer  U  4  .064 

Short-needle  [normal  dead)  H  8  .128 

Short-needle  (heavy  dead)  G  8  .128 

Alaskan  black  spruce  Q  8  .128 

Sagebrush-grass  T  2  .0.32 

Eastern  pine  (plantation)  P  4  .064 


{     We  next  need  to  know  the  probability  of  the  energy  density  in  an  LCC  discharge 
'being  sufficient  to  cause  ignition  or: 

p(Ignition/LCC)  =  p(E,  ^  E.  ).  (3) 


The  energy  density  (E  )  in  the  lightning  channel  must  be  calculated  from  the  elec- 
trical heating  in  the  channel,  the  channel  radius,  and  the  duration  of  the  discharge,  or 
Q  d      -3 
E  =  -^  X  10    cal/cm2  (4) 

irr^ 

where: 

Q  =  channel  pov\;er  dissipation  per  unit  length 

d  =  duration  of  the  discharge,  milliseconds 

r  =  radius  of  the  channel,  cm. 

To  find  the  channel  power,  we  have: 

Q   =  FI  watt/cm  (5) 

c 

where ; 

F  =  the  electric  field 

I   =  the  current. 

King  (1962)  found  a  constant  electric  field  aloTig  long  vertical  arcs  of  10  V/cm  (Volts 
per  centimeter) . 
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Brook  and  others  (1962)  and  Williams  and  Brook  (1963)  have  measured  continuing 
currents  and  their  duration.   A  good  fit  to  these  data  was: 


I  =  44.7dO-1787, 

The  range  of  currents  was  from  50  to  500  A. 

From  (5)  and  (6),  and  King's  value  for  F: 

Q  =  107d°-^'7^''  cal/cm-s. 
c 

The  total  energy  release  per  cm  of  channel  is  Q   (d  x  10"^) 


(6) 


(7) 


A  channel  radius  value  has  been  calculated  from  considerations  by  Cobine  (1958) 
and  Finkelnburg  and  Maecker  (1956);  this  value  is  approximately  1  cm,  hence  (4)  becoH; 


E   =  0.034d^-1787  cal/cm3. 
c 


(8) 


Statistics  on  LCC  durations  are  available  from  measurements  in  western  Montana 
(Fuquay  1974) .   Using  these,  we  have  applied  a  Beta  P  probability  distribution  (Miell 
and  Johnson  1974)  which  gives  the  fraction  of  continuing  currents  which  can  be  expect 
to  yield  an  energy  exceeding  E.  : 

p(E  >  E.  )  =  (1  +  (E-  78)^)""  (9) 

where: 

a  =  1401.647 

3  =  2822.164 

e  =  1.442. 

The  ignition  criterion  is  that  the  available  energy  from  a  given  LCC  event  be 
greater  than  that  required  by  the  fuel  for  ignition,  assuming  that  all  LCC  energy  is 
transferred  to  the  fuel.   Since  the  available  energy  density  has  a  probability,  so  mui 
the  ignition.   We  call  this  the  ignition  probability  per  LCC  event.   It  is  a  functior 
of  fuel  moisture  and  bulk  density,  and  can  be  obtained  from  (2)  and  (9) : 


P. 
It 


RHOB  170  +  6.20  FM 


(10) 


Figure  5  gives  curves  of  (10)  as  a  function  of  fuel  moisture  for  values  of  bulk  densi. 
from  table  5. 

Because  the  LAL  gives  the  number  of  CG  discharges  without  regard  to  the  presence 
of  an  LCC  event,  we  must  modify  the  probability  from  "per  LCC"  to  "per  CG";  this  is 
done  by  multiplying  by  the  LCC/CG  ratio.   For  Rocky  Mountain  thunderstorms  this  ratio 
is  about  1  in  5.   The  flow  chart  for  the  entire  ignition  probability  calculation  is 
shown  in  figure  6. 
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IGNITION   PROBABIIIIY   lORIUtL    MODUS 


Figure  5. — Ignition  probability 
vs.    fuel  moisture  for  the  bulk 
densities  of  table   5. 
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The  Model 


In  the  previous  sections,  we  discussed  the  lightning  activity  level,  behavior  o 
fine  fuels  with  rainfall,  and  ignition  probability  per  CG  discharge.   These  will  now 
be  combined  to  yield  a  probable  number  of  ignitions  in  a  given  area.   Figure  7  is  a 
flow  chart  expressing  this  combination. 

Each  block  is  numbered;  we  shall  discuss  the  flow  chart  in  terms  of  the  functioi; 
of  these  blocks  (note  that  there  are  four  input  blocks,  1,  2,  3,  4,  and  one  output 

block,  15):  . 

[ 

1.  LAL--Lightning  Activity  Level;  forecast  or  determined  by  direct  observations. 

2.  Upper  Wind--the  steering  level  wind, 

3.  FMl--the  initial  one  hour  timelag  fuel  moisture,  J 

4.  RHOB--the  bulk  density  of  litter,  duff,  grass,  or  other  fine  fuels  into  whici 
the  discharge  may  take  place;  again,  not  the  average  fine  fuel  bulk  density  \ 
as  used  for  loading  calculations,  but  rather  the  "spot"  bulk  density  under 
trees, 

5.  Storm  Size--an  empirically  determined  effective  rain  track  width, 

6.  Rain  Duration--the  storm  size  (5)  divided  by  the  upper  wind  (2)  giving  the   j 
rainfall  duration  at  a  spot  on  the  ground,  ) 

7.  FMF--final  fuel  moisture, 

8.  Lightning  Activity  Duration--the  empirically  determined  time  during  which 
lightning  and  rain  occur, 

9.  Lightning  Area--the  total  area  where  lightning  may  strike, 

10.  P(I) . --probability  of  ignition  in  rain, 

11.  P(I)  --probability  of  ignition  outside  of  rain, 

12.  Fl--the  fraction  of  the  total  area  covered  by  rain, 

13.  FO--the  fraction  of  total  area  covered  by  lightning  outside  the  rain  track. 

14.  A  combinatorial  block-- (fraction  inside  rain)  x  (probability  of  ignition 
inside  rain)  +  (fraction  outside  rain)  x  (probability  of  ignition  outside 
rain)  =  ignition  probability  per  LCC, 

15.  Fire  ignitions  per  2,500  mi^  (6,500  km^)--the  expected  number  of  CG  dischargi 
per  2,500  mi^  (6,500  km^)  (obtained  from  the  LAL)  is  multiplied  by  0.2  (to  g( 
expected  number  of  continuing  current  discharges);  then  multiplied  by  the 
probability  that  any  given  LCC  discharge  will  ignite  the  fuel;  the  resulting 
number  is  the  number  of  expected  ignitions  per  2,500  mi^  (6,500  km^)  (figure  '. 

Note:   For  the  high-level  thunderstorm  (LAL  6),  we  use  the  LAL  3  lightning  activity  oil 
40  CG,  set  FI  =  0  and  FO  =  1,  and  LCC/CG  =  1. 
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REMARKS 


We  have  described  a  model  for  predicting  lightning-fire  ignition  based  on  physic: 
processes  of  woody  fuel  ignition;  however,  the  strong  influence  of  chance  events  is  i 
integral  part  of  the  model. 

Tlie  model  is  rudimentary.   Little  information  is  available  on  ignition  of  woody 
fuel  by  arc  discharge.   Further,  several  characteristics  of  lightning  discharges  had 
to  be  estimated.   Little  is  known  about  the  spatial  distribution  of  fine  fuel  charact' 
istics,  such  as  bulk  density  and  moisture  content. 

Much  of  the  information  on  thunderstorms  and  lightning  used  in  developing  this 
model  was  gathered  in  the  Northern  Rocky  Mountain  region.  However,  comparison  with  citj 
areas  gives  us  confidence  that  the  basic  model  can  be  adapted  for  use  in  the  western 
United  States,  western  Canada,  and  parts  of  Alaska, 

In  describing  the  model,  we  have  emphasized  use  of  a  24-hour  prognosis  of  weather 
events.  The  model  also  applies  in  real  time  when  used  with  current  fine  fuel  and  ligj 
ning  storm  data. 

The  complete  program  for  the  model  in  Fortran  IV  computer  language  is  available 
from  the  authors  at  the  Northern  Forest  Fire  Laboratory. 
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GLOSSARY 


CG 
LCC 

D 

FM 

FMI 

FMF 

FMS 

RHOB 

U 
S 
L 

FI 
FO 

E 

E.^ 
ig 

Q. 


ig 


Q 


P. 


ig 


Cloud-to-ground  lightaing  discharge  or  flash  consisting  of  one  or 

more  strokes 

(long)  continuing  current  -  an  arc-like  discharge  sometimes 

accompanying  one  stroke  in  a  flash 

Duration  of  lightning  activity  (during  a  given  storm) 

Fuel  moisture 

Initial  fuel  moisture 

Fuel  moisture  after  rainfall 

Moisture  content  at  wetted  surface  of  the  fuel 

Fine  fuel  bulk  density  (p  ) 

Storm  speed  (windspeed  at  14,000  feet  or  about  4,300  meters) 

Width  of  rainfall  track  on  the  ground 

Width  of  zone  in  which  lightning  strikes 

Fraction  of  total  lightning  struck  zone  which  also  has  rainfall 

Fraction  of  total  lightning  struck  zone  with  no  rainfall 

Energy  density  in  LCC  channel 

Energy  density  required  for  fuel  ignition 

Ignition  energy  per  unit  mass  of  fuel 

LCC  channel  power  dissipation  per  unit  length 

Duration  of  LCC  discharge 
LCC  channel  radius 
Electric  field  in  LCC  channel 
Current  in  LCC  arc 
Ignition  probability  per  LCC 
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RESEARCH  SUMMARY 

The  author  categorizes  forest  vegetation  across  Montana  into  eight  geo- 
graphic subdivisions  called  "forest  regions."  The  regions  correlate  the  in- 
fluence of  climate  and  general  topography  to  forest  vegetation — including  the 
distributions  of  tree  and  undergrowth  species  and  forest  habitat  types.  The 
vertical  zonation  of  forest  series  (based  on  the  potential  climax  tree  species) 
also  differs  from  one  region  to  the  next.  Regional  boundaries  were  fitted  to 
distributions  of  certain  tree  and  undergrowth  species,  habitat  types,  and  nat- 
ural climatic  barriers  such  as  the  Continential  Divide  and  broad  grassland 
valleys  that  separate  forest  environments. 

(1)  The  northwestern  Montana  forest  region  has  major  representation  by 
Pacific  Coast  species  such  as  Thuja  plicata  and  Clintonia  uniflora;  its  climate 
is  strongly  influenced  by  moist  maritime  airmasses.  (2)  The  west-central 
region  has  a  generally  drier  Pacific-influenced  climate  and  only  small  amounts 
of  Pacific  Coast  species;  however,  it  has  major  representation  of  intermountain 
plants  like  Larix  occidentalis  and  Xerophyllum  tenax. 

(3)  North-central  Montana  lies  in  the  severe  climate  of  the  "chinook  wind 
belt"  along  the  east  slope  of  the  Continental  Divide.  It  is  distinguished  by 
being  too  cold  for  Pinus  ponderosa,  but  having  extensive  Populus  tremuloides 
groves  and  Pinus  flexi lis  woodlands.  (4)  The  central  Montana  forest  region 
has  a  less  severe  continental  climate  and  it  supports  the  east-side  form  of 
Pinus  ponderosa  at  lower  elevations.  However,  both  coastal  and  intermountain 
species  are  essentially  absent  from  its  mountain  forests. 

Both  the  (5)  southwestern  and  (6)  south-central  forest  regions  have  high 
base  elevations  and  are  without  Pinus  ponderosa.  The  former  region's  for- 
ests are  generally  drier  than  the  latter's  and  often  have  sparse  undergrowth. 
(7)  Southeastern  Montana  differs  from  previously  mentioned  regions  in  not 
having  prominent  mountains.  It  has  extensive  Great  Plains  Pinus  ponderosa 
forests.  (8)  Northeastern  Montana  is  a  Great  Plains  area  having  no  forest, 
except  for  Populus  deltoides  groves  along  major  streams. 

The  regions  may  be  useful  as  a  biologically  based  stratification  for  for- 
est research  and  forest  management  studies. 


INTRODUCTION 


This  report  describes  Montana' s  forests  by  geographic  subdivisions  calletl  "forest 
regions."   It  emphasizes  patterns  in  species  composition  (trees  and  uiulcrgroKth)  and 
the  relationship  of  these  patterns  to  climate  and  topogra]ihy .   The  interpretations  are 
based  on  field  experience  and  data  collected  during  a  recent  forest  liabitat  tyjie  classi- 
fication (F''fister  and  others  1977)  . 

There  are  two  primary  reasons  for  delineating  the  forest  regions  of  Montana. 
First,  the  regions  serve  as  a  geographic  reference  for  describing  patterns  of  forest 
vegetation  across  the  State.   Second,  delineating  the  regions  contributes  to  regional 
classifications  that  are  being  developed  from  a  national  jierspecti ve  (Bailey  !'.)"(),  l'.)7.S). 
The  geographic  subdivisions  discussed  in  this  paper  are  based  on  the  distribution  of 
forest  vegetation  in  relation  to  climate  fas  influenced  by  topography).   Tlins,  these 
subdivisions  are  proposed  for  use  only  for  interpretations  related  to  forest  vegetation. 

After  reviewing  definitions  provided  in  Kuchler  (  1973J  and  Bailey  (li)7()),  the  term 
forest  region"  seemed  most  appropriate  for  use  here.   "Region"  is  a  general  term  tliat 
does  not  necessarily  specify  a  level  in  the  land  classification  hierarchy,  and  the  tei'iii 
"forest  region"  has  been  applied  in  Canada  (Rowe  1972).   ("Province"  was  also  considered, 
but  it  has  a  more  precise  hierarchical  definition  related  to  the  dominant  vegetative 
types  in  an  area,  or  to  physiography;  thus,  some  of  Montana's  forest  regions  occur 
within  grassland  provinces.) 

Other  regional  divisions  of  Montana  have  been  developed  from  different  t\'|ies  of 
information  to  meet  different  objectives.   Schmidt  and  Dufour  (197S)  empliasi::ed  geomor- 
phology  in  designating  six  regions  within  Montana.   Those  regions  were  used  in  assessing 
research  natural  area  needs  from  the  following  viewpoints:  forest  vegetation,  grass 
and  shrubland  vegetation,  geology,  zoology,  and  aquatics.   Crowley  (1972)  depicted  seven 
major  environmental  regions  within  Montana  based  on  characteristics  of  liuman  environ- 
ments, including  landforms,  climate,  and  elevational  zonations  of  vegetation. 

Still  others  (Kuchler  1964;  Payne  1975;  Ross  and  Hunter  1976)  have  provided  maps 
of  Montana's  natural  vegetative  types;  but  the  maps  are  not  focused  on  regional  vari- 
ation in  forest  vegetation.  In  contrast  to  these  references,  the  Montana  "forest 
regions"  proposed  here  delineate  rather  broad  areas  having  similar  zonation  in  forest 
vegetation.  Tliese  forest  regions  have  general  similarities  to  tiie  forest  districts 
designated  by  the  early  Montana  botanist,  Kirkwood  (1922),  for  describing  forest  dis- 
tribution in  the  Northern  Rocky  Mountains. 

During  the  Montana  forest  habitat  tyjie  study  (Pfistei-  and  otliers  1977),  1,.S()0  stands 
were  sampled  "subjectively  without  bias"  (Muel ler-Domboi s  and  I'llenburg  1971).   The 
stands  represent  a  spectrum  of  mature  forest  communities  and  sites  in  each  mountain 
range  and  forested  area  of  the  State.   As  the  habitat  type  classification  was  lu-ing  ile- 
veloped  from  these  data,  it  became  obvious  tliat  distributions  of  many  tree  and  under- 
growth species  (and  thus  the  distributions  of  the  habitat  types)  are  strongly  correlated 

1 


to  patterns  of  geography  and  climate  within  Montana.   It  became  evident  that  the  State 
could  be  subdivided  into  several  relatively  homogeneous  forest  regions  based  on  the 
data,  field  observations,  and  information  on  plant  species  distributions  (Herbarium 
collections  at  the  University  of  Montana,  Missoula;  Montana  State  University,  Bozeman; 
the  USDA  Forest  Service  Forestry  Sciences  Laboratory,  Missoula;  personal  interviews 
with  local  foresters  and  botanists  (see  acknowledgments);  Booth  and  Wright  1966, 
Hitchcock  and  others  1955-1969,  Little  1971,  1976). 

A  map  of  forest  regions  (called  "geographic  subdivisions")  was  presented  by  Pfisti 
and  others  (1977),  and  a  brief  account  of  each  habitat  type's  distribution  was  given  b]> 
region.   However,  the  basis  for  these  regions  was  not  discussed;  also,  Montana's  forest 
vegetation  and  environments  were  not  described  by  region.   These  topics  are  addressed 
here. 

The  Canadian  Forest  Service  (Rowe  1959,  1972)  mapped  and  described  "Forest 
Regions  of  Canada,"  which  provides  a  precedent.   Rowe  (1972)  explained  that  the  Cana- 
dian regional  designations  are  generalized,  with  the  broad  perspective  of  Canada  as  a 
whole,  although  the  statement  was  made  that  it  would  be  possible  to  designate  such 
regions  from  a  detailed  knowledge  of  specific  areas  if  detailed  data  existed.   The 
latter  approach  is  used  here  with  detailed  data  from  the  habitat  type  study  (Pfister 
and  others  1977)  as  a  basis. 

Kuchler  (1973)  discussed  techniques  for  designating  ecologically  based  "regions." 
He  stated  that  classifications  of  natural  vegetation  types  and  detailed  mapping  of  thai 
distributions  are  fundamental  for  establishing  such  regions.   (It  appears  that  the 
Montana  forest  habitat  type  classification  along  with  the  sample  plots  and  other  distri 
butional  data  can  provide  this  basic  information.)   Kuchler  (1973)  also  concluded  that 
vegetation  regions  should  first  be  designated  within  a  limited  study  area,  such  as  a 
State  or  geographic  region,  and  later  expanded  to  surrounding  areas. 
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DELINEATING  MONTANA  FOREST  REGIONS 


Montana's  forests  are  both  extensive  and  diverse.   1-orcst  covers  nearly  one-fonrtli 
)f  Montana--about  23  million  acres  according  to  Green  and  Setzer  f 1 974 ) --ami  suhst.iut i a  I 
iinounts  of  forest  are  found  in  all  but  the  northeastern  portions  of  the  State  (fij',.  1). 
\t    lower  elevations  these  forests  range  from  luxuriant  stands  of  Tsu'ja   hfitct'C'j'hijlLd, 
"h.iija  pliaata,   Pinus  montiaola,    and  other  Pacific  Coast  species  in  northwestern  Montana 
0  open  Pinus  ponderosa   woodlands  on  the  Great  Plains  of  southeastern  Montana.   The 
1  Lizh-elevation  forests  across  the  Montana  Rockies  also  sliow  substantial  variation. 

Differences  in  climate  are  primarily  responsible  for  geographic  variations  in  the 
x)tential  climax  forest  vegetation,  expressed  in  habitat  types  fPfister  and  otiiers  1977), 
riie  climatic  differences  across  Montana  reflect  the  greater  imjiortance  of  I'acific  mari- 
time airmasses  west  of  the  Continental  Divide  versus  continental  climatic  conditions 
?ast  of  the  Divide.   Locally,  climate  (and  thus  forest  vegetation)  also  is  strongly  in- 
fluenced by  changes  in  elevation,  aspect,  and  landform  within  the  Montana  Rockies. 
-ells  and  underlying  geology  also  affect  forest  vegetation,  but  exccjit  for  certain  1 imc- 
-tnie  substrates  and  extremely  rocky  sites,  the  effects  do  not  generally  obscure  the 
ivrrriding  influence  of  climate  and  topography. 

The  forest  regions  outlined  on  figure  1  correlate  the  influence  of  climate  and 
general  topography  to  forest  vegetation--including  the  distributions  of  tree  and  under- 
|!growth  species  and  forest  habitat  types  and  the  vertical  zonation  of  forest  sei'ies 
(discussed  later").   Because  tree  species  serve  as  indicators  of  climate  ("Dauhenmirc  and 
iDaubenmire  1968;  Pfister  and  others  19771,  their  geographic  distributions  sei've  as  a 
:primary  determinant  of  regional  boundaries.   (Ajipendixes  A-1  through  A-d  illustrate  how 
ithe  distributions  of  tree  species  correlate  witli  Montana's  forest  regions.)   Distriliu- 
tions  of  undergrowth  species  that  have  proved  useful  as  indicator  plants  in  major  forest 
jhabitat  type  classifications  in  the  Northern  Rockies  fR.  and  J.  Daulienmire  19()S; 
iPfister  and  others  1977;  and  Robert  Steele  and  others^),  also  were  used  ffor  examiiles, 
isee  appendixes  A-7  through  A- 10]  . 

It  became  obvious  that  many  of  the  tree,  undergrowth  plant,  and  habitat  t\'pc  dis- 
tributions showed  similar  patterns,  and  relate  to  known  climatic  differences  (U.S.  De- 
partment of  Commerce  1971;  USDA  Soil  Conservation  Service  1968).   Preliminary  regional 
boundaries  were  drawn  to  fit  these  vegetational  data.   The  boundaries  then  were  adjusted 
slightly  to  correlate  with  natural  climatic  barriers  such  as  the  Continental  Divide  anti 
broad  grassland  valleys  that  separate  forest  environments.   Although  these  regional 
boundaries  were  fitted  to  vegetation  data  and  to  topographic  barriers  as  logical !>•  as 
possible,  sometimes  the  general  patterns  of  forest  vegetation  change  grathiallv  over 
rather  broad  areas.   In  these  cases,  wliere  iwssible,  major  topographic  features  wei-e 
used  for  final  placement  of  boundaries.   Dashed  lines  were  us'nl  to  designate  i-egiona! 
boundaries  in  nonforested  areas. 

The  occurrence  of  the  approximately  l.SOO  sample  plots  b\'  habitat  t\'ne  and  forest 
region  is  summarized  in  appendix  15.   IMant  composition  at  these  forest  sites  provides 
basic  data  for  regional  boundaries.   At  a  broad  level  of  gene  i-a  1  i  zat  ion  from  this  data 


^Review  drafts  of  "Forest  habitat  types  of  central  Idalio"  fl97Sj  and  th<i^e  of  the 
Nezperce  National  Forest  (19761.   Interiiit.  i'or.  and  i^-inge  Fxp.  Stn.,  OgiD-n,  Utah. 


<» 

4^ 

S 

M 

M 

CO 

O  "tj 

a. 

CD 

s 

S^ 

o 

CO 

ti 

•^ 

T~^ 

1 

Co 

CO 

Cv 

s 

Oi 

o 

^— ( 

•^ 

4^ 

?^ 

G 

^ 

+^ 

4^ 

CO 

S 

?H 

^ 

01 

^ 

^ 

+i 

a 

(^ 

Q) 

3 

to 

02 

ca 

O 

s^ 

ct; 

G 

*\ 

CO 

C\l 

^ 

"5 

Oi 

Oi    rQ 

r-l 

£ 

^ 

e 

lii 

^ 

:^ 

0) 

r~i 

^ 

1^ 

?H 

?^ 

•t^ 

Cj 

K 

O 

CO 

~^ 

s 

S: 

•^ 

s 

Q) 

a: 

^-:s 

ro 

£ 

•^ 

O 

^ 

?^ 

CO 

^ 

+i 

r<> 

0) 

CO 

CQ 

a 

Q) 

1 

CO 

?^ 

E 

Oi 

■^3  H^ 

ca 

CO 

+^ 

Si 

CO 

Co 

<» 

?^ 

CO 

o 

Cl 

'K  e 

sx 

'xj 

CO 

s 

a 

fel 

(^ 

CO 

K 

•\ 

O 

« 

•r^ 

s 

(31  « 

05 

+i 

?H 

s 

o 

-1^ 

^ 

CO 

CO 

^ 

^ 

o 

,o 

^ 

Q 

+i 

§ 

^ 

a 

!:i. 

-P 

^ 

CO 

Qj 

4i       . 

«=:. 

•^   ^ 

1 

r-^ 

1 

t-i     CO 

• 

(a  i-^ 

1-1 

+i    rii 

«    Ci 

ca 

CO   4^ 

?s 

s 

<31 

•>ri 

Ci, 

Fable   I  .--Extent   (area  covered)   of  forest  series    (potential  climax}   in  eacli  of  Montana's  forest 


M  =  majoi' 
m  =  minor 
r  =  rare 
.    -  absent 


Series 

Forest 

region 

:   North- 
:   western  : 

West-    : 
central  : 

North-   ; 
central  : 

Central 

:   South-   : 
:   western  : 

South- 
centra  1 

:    South- 
:    eastern 

North- 
:   eastern 

Tsuga  and   ihuja 

Abies  t;randis 
Picea 

Pinus  contorta 

Pinus  ponderosa 

fPinus  flexilis 
Pseudotsuga 

Abies  lasiocarpa 


:he  extent  (area  covered)  of  each  climax  series  can  be  compared--identif icd  by  the  most 
;hade-tolerant  (potential  climax)  tree  species  capable  of  growing  on  a  given  site. 
Fable  1  shows  which  series   occur  in  each  of  the  forest  regions.   For  instance,  the 
acific  Northwest  coastal  forest  t)q5es  (Thuja,    Tsuga,    and  Abies  (jrandis   scries)  arc  of 
najor  importance  only  in  northwestern  Montana.   Low-elevation  forest  types  (Pinus  pon- 
ierosa   climax  series)  associated  with  dry,  inland  climates  are  abundant  only  in  central 
and  southeastern  Montana,  and  are  absent  or  rare  in  the  north-central,  southwestern, 
and  south-central  forest  regions. 

Detailed  interpretations  (from  appendix  B  data)  are  presented  in  table  2,  wliich 
shows  the  major  habitat  types  in  each  of  Montana's  forest  regions.   Additional  inter- 
pretations and  adjustments  were  made  in  developing  table  2  from  the  sample  plot  data 
(appendix  B) .   Certain  substrate-oriented  habitat  types  (such  as  Pioea/Senecio  strep- 
tanthifolius   and  Abies   lasiocarpa/ Clematis  pseudoalpina   h.t.  on  limestone  substrates) 
were  heavily  sampled  by  Pfister  and  others  (1977),  and  are  not  as  extensive  as  appendix 
B  implies.   Also,  certain  areas  near  the  border  of  a  forest  region  were  lieavily  sampled; 
thereby  more  plots  were  collected  from  certain  habitat  ty^oes  than  are  indicative  of  the 
region  in  general.   For  instance,  several  Abies   lasiocarpa/ Clintonia   and  Abies   lasio- 
oarpa/Xerophyllum   h.t.  plots  were  taken  in  unusual  locations  immediately  east  of  the 
Continental  Divide  in  north-central  Montana. 


The  distribution  of  various  tree  species  and  undergrowth  plants  serving  as  haliitat 
type  or  climatic  indicators  is  presented  in  table  3  by  forest  region  across  Montana. 
Tliis  table  is  based  on  the  1,500  habitat  type  plots,  and  the  field  observations  and 
published  information  on  plant  distributions  cited  previously.   Tlie  distributions  of 
Pacific  Coast  and  intermountain  species  are  useful  for  differentiating  forests  of 
northern  Idaho,  northwestern  Montana,  and  west -central  Montana,  but  the  other  forest 
regions  are  characterized  largely  by  a  lack  of  these  species.   ("Intermountain  sjiccies" 
applies  to  plants  found  most  often  between  the  crest  of  the  Cascade  Mountains  and  the 
Continental  Divide.) 

Certain  widespread  species  (like  Vacciniim  scoparium,    Juniperus  corwwinis,   Aimica 
cordifolia.   Aster  oonspicuus,    and  even  Pyrola  secunda)    generally  are  accompanied  by 
Pacific  Coast  or  intermountain  species  west  of  the  Continental  Divide;  farther  east  the 
coastal  and  intermountain  competitors  drop  out.   This  situation  is  documented  by  the 
changes  in  habitat  tyi^es  depicted  in  table  2.   For  instance,  Pseudotsw /a/ Juniperus 
communis,   Pseudo tsuga /Arnica  cordifolia,    and  Abies   lasiocarpa/ Arnica  cordi folia   ajipear 
only  east  of  the  Divide. 

Figure  2  shows  a  summary  of  the  characteristics  of  eacli  forest  region.   The  rela- 
tionship of  forest  region  and  National  Forest  boundaries  is  sliown  in  apjiendix  C. 


Table  2. --Major  habitat  types    (Pfister  and  others  1977)   in  each  of  Montana's  forest 

regions   (See  appendix  B  for  more  detailed  information  on  all  habitat  types) 


Habitat  type 


Forest  region 


NW 


wc 


NC 


SW 


SC 


SE 


Pinus  f lexilis/Festuca  idahoensis 
P.  ponderosa/Agrop)Ton  spicatum 
P.  ponderosa/Festuca  idahoensis 
P.  ponderosa/Symphoricarpos  albus 
P.  ponderosa/Prunus  virginiana 

Pseudotsuga/Festuca  idahoensis 
Pseudotsuga/Festuca  scabrella 
Pseudotsuga/Vaccinium  caespitosum 

Pseudotsuga/Physocarpus  malvaceus 
Pseudotsuga/Vaccinium  globulare 
Pseudotsuga/Linnaea  boreal  is 

Pseudotsuga/Symphoricarpos  albus 
Pseudotsuga/Calamagrostis ,  Cal.  phase 
Pseudotsuga/Cal . ,  other  phases 

Pseudotsuga/Spiraea  betulifolia 
Pseudotsuga/Arctostaphylos  uva-ursi 
Pseudotsuga/Juniperus  communis 
Pseudotsuga/Arnica  cordifolia 

Picea/Clintonia  uniflora 
Picea/Physocarpus  malvaceus 
Picea/Galium  triflorum 
Picea/Linnaea  borealis 

All  Abies  grandis  h.t.s 

Thuja  pi icata/Clintonia  uniflora 

Tsuga  heterophylla/Clintonia  uniflora 

Abies  lasiocarpa/Clintonia  uniflora 
Abies  lasiocarpa/Galium  triflorum 
Abies  lasiocarpa/Calamagrostis  canadensis 
Abies  lasiocarpa/Linnaea  borealis 

Abies  lasiocarpa/Menziesia  ferruginea 

All  Tsuga  mertensiana  h.t.s 

Abies  lasiocarpa/Xerophyllum  tenax 

Abies  lasiocarpa/Vaccinium  globulare 
Abies  lasiocarpa/Vaccinium  scoparium 
Abies  lasiocarpa/Arnica  cordifolia 
Abies  las. -Pinus  albic ./Vaccinium  scop. 

Abies  lasiocarpa/Luzula  hitchcockii 
Pinus  albicaulis-Abies  lasiocarpa 
Larix  lyallii-Abies  lasiocarpa 
Pinus  contorta  community  t^-pes 


XXX.. 

X        .         .         .       .         . 

XXX.. 

X       .  X 

XX  X 
X       X 

X        X       X  X 

XXX.. 

X        X        X         X       X        X 

XX.       .      . 


ible  3. --Distribution  of  selected  trees  and  undergrowth  indicator  plants  by 
forest  region  across  Montana.  Northern  Idaho  data  from  Daubenmire 
and  Daubennire    (1968) 

X  =  common 

r  =  rare  or  scarce 

.    =  absent 


Forest 

region 

Northern  : 

Species 

Idaho    : 

NW 

WC   : 

NC   : 

C 

SW 

SC   : 

SE 

Coastal  species 

Adiantum  pedatum 

x 

r 

. 

Asarurn  caudatum 

x 

r 

■ 

Tsuga  heterophylla 

x 

X 

, 

Tsuga  mertensiana 

X 

X 

Thuja  plicata 

X 

X 

r 

Pinus  rnonticola 

X 

X 

r 

Taxus  brevifolia 

X 

X 

r 

Abies  grandis 

X 

X 

x-r 

Clintonia  uniflora 

X 

X 

x-r 

r 

Intermountain  species 

Larix  occidentalis 

X 

X 

X 

. 

. 

. 

. 

Larix  lyallii 

X 

X 

X 

X 

. 

. 

Pinus  ponderosa 

X 

X 

X 

. 

. 

. 

. 

• 

var . -ponderosa 

Xerophyllum  tenax 

X 

X 

X 

X 

r 

r 

r 

. 

Menziesia  ferruginea 

X 

X 

X 

X 

r 

r 

r 

. 

Luzula  hitchcockii 

X 

X 

X 

X 

r 

r 

r 

. 

Widespread  species 
Widespread  Rocky  Mt . 

trees^ 
Calamagrostis  rubescens 
Carex  geyeri 


Physocarpus  malvaceus 

Eastside  species 
Pinus  flexilis 
Senecio  streptanthefolius 
Frasera  speciosa 
Geranium  richardsonii 


Pinus  ponderosa 

var.  scopulorum^ 
Juniperus  horizontalis 
Fraxinus  pennsylvanica 


(Little  1953),  having  three-needle  fascicles  only. 

Pseudotsuga,  Abies  lasiocarpa,  Picea,  Pinus  contorta,  and  Pinus  albicaulis. 

(Booth  1950  and  Little  1953),  having  many  two-needle  fascicles. 
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FOREST  REGION  DESCRIPTIONS 


Northwestern  Montana 
Forest  Region 


The  northwestern  forest  region  of  Montana  includes  the  Kootenai,  Flathead,  and 
lower  Clark  Fork  River  (as  far  upstream  as  Fish  Creek  and  Ninemilc  Valley)  drainages. 
JThis  region  is  bounded  on  the  east  by  the  Continental  Divide,  on  the  north  by  British 
jColumbia,  and  on  the  west  and  southwest  by  Idaho  and  the  crest  of  the  Bitterroot  Moun- 
jtains.   The  southeastern  border  of  the  region  is  marked  by  the  Rattlesnake  Creek  and 
(Blackfoot  River  divides. 

iViagnostic  forest  vegetation 

The  northwest  forest  region  has  an  abundance  (in  all  but  tlie  drier  valleys)  of 
Pacific  Coast  forest  species  that  are  less  common  or  absent  elsewhere.   Tree  species 
largely  restricted  to  this  region  include  Tsuga  hjetevophylla,    T.    mertensiana,    Thu^ja 
iplioata,   Abies  gvandis,    Taxus  brevifolia,    and  Finns  monticola.      llndergrowtli  largely 
restricted  to  this  region  includes  Clintonia  uniflora,   Avalia  nudicaulis,    Giimiooavpiwn 
dryopteris    (and  other  Pacific  Coast  ferns)  ,  Dispornm  hookeri,    Tiaretla   tnfoliata, 
Viola  glabella,    and  Oplopanax  horridnm   (nomenclature  is  from  Hitchcock  and  Croiu|uist 
1976). 

Forest  distribution 

As  is  the  case  in  other  mountainous  sections  of  Montana,  the  rugged  terrain  creates 
an  array  of  habitats  and  accompanying  vegetation,  from  semiarid  grasslands  in  the  rain 
shadow  of  large  mountain  masses  to  moist  mountain  valleys,  subalpine  forests,  and  al]-iiiic 
tundra.   The  generalized  distribution  of  forest  trees  and  climax  scries  for  an  area  in 
the  Kootenai  River  drainage  is  depicted  in  figure  5.   Major  forest  habitat  t\qies  for 
northwestern  Montana  are  listed  in  table  2. 

About  90  percent  of  the  land  in  this  region  is  potentially  forested  (Hutchison  and 
Kemp  1952;  Green  and  Setzer  1974).   Throughout  mucli  of  the  region,  forest  covers  even 
the  lowest  elevation  valleys  (as  low  as  1,800  feet);  in  the  driest  valleys  southwest  of 
Flathead  Lake,  grassland  prevails  below  about  5,500  feet  elevation.   Forest  extends  over 
all  but  the  highest  peaks  (and  rockiest  sites).   The  average  elevation  of  aljiine  tree 
line  is  about  8,000  feet. 


ELEVATIONS 
(approx. ) 

alpine  tundra 

8000  FT 

7200 


5000 


Figure  2. — Distribution  of  forest  trees  in  an  area  of  the  Kootenai  drainage  in  north- 
western Montana.      Arrows  show  the  relative  elevational  range  of  each  species; 
solid  portion  of  the  arrow  indicates  where  species  is  potential  climax ^   dashed 
portion  shows  where  it  is  serai.      (Modified  from  Pfister  and  others  1977 . ) 

Climatic  influences 

Northwestern  Montana  is  strongly  influenced  by  moist  maritime  airmasses  that 
typically  funnel  through  this  area  on  their  way  inland  from  the  Pacific  Coast  (U.S. 
Department  of  Commerce  1971;  Daubenmire  1969).   The  airmasses  provide  abundant  rain  and 
snowfalls  and  generally  humid,  cloudy  conditions  except  in  midsummer.   The  airmasses 
also  bring  the  relatively  mild  winter  temperatures  (even  at  high  elevations)  that  are 
necessary  for  the  survival  of  many  of  the  coastal  forest  species. 

The  mildest  conditions  are  generally  associated  with  the  Kootenai  drainage  in  the 
western  part  of  the  region.   In  the  Kootenai  drainage,  forests  most  nearly  resemble 
those  of  adjacent  northern  Idaho,  representing  a  still  moister  and  milder  coastal  cli- 
mate. Pinus  monticola   is  abundant  and  is  generally  the  tallest  and  fastest  growing 
tree  in  northern  Idaho.   However,  eastward  through  northwestern  Montana,  Larix  occi- 
dentalis   assumes  this  role  (attaining  heights  of  150  to  170  feet  on  favorable  sites) . 

Farther  east,  in  the  upper  Flathead  Valley,  outbreaks  of  arctic  air  occur  more 
frequently  in  the  winter  (U.S.  Department  of  Commerce  1971).   As  a  result,  Tsuga  heter- 
ophylla   and  Thuja   sustain  frost  damage  and  become  restricted  to  special  sites.   These 
sites  either  have  a  climate  that  is  moderated  by  the  presence  of  a  large  lake  (Flathead 
Lake  and  Lake  McDonald)  or  represent  sheltered  "cove"  forests  in  ravines  above  the 
valley  bottom  frost  zones.   Still,  even  in  the  upper  Flathead  Valley,  tree  and  under- 
growth flora  reflect  a  Pacific  influence  extending  all  the  way  to  the  Continental 
Divide  itself. 

Weather  records  for  Libby  and  Trout  Creek  (table  4)  represent  the  milder,  western 
part  of  this  region;  whereas  the  Polebridge  station  lies  in  the  colder,  upper  Flathead 
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Valley.   Average  annual  precipitation  in  most  of  the  subalpine  forests  of  this  region 
ranges  from  about  40  to  65  inches. ^ 


west-Central  Montana 
Forest  Region 


The  west-central  forest  region  includes  the  Clark  Fork  River  drainage  from  the 
Missoula-Frenchtown  Valley  upstream,  except  for  the  Continental  Divide  range  from  Nevada 
Peak  (northwest  of  Helena)  to  California  Pass  (south  of  Anaconda).   This  region  is 
bounded  on  the  west  by  the  lofty  Bitterroot  Range.   The  Bitterroot  Range  forms  the  Mon- 
tana-Idaho Divide  and  constitutes  a  significant  barrier  to  Pacific  Coast  moisture  and 
thus  to  coastal  plants. 


These  estimates  were  based  on  U.S.  Dcp.  Comm.  (1971),  U.S.  |)c]i.  Comm.  weather 
station  data,  USDA  Soil  Conserv.  Serv.  (1968),  Arno  (1970),  and  an    isohyetal  analysis 
for  the  Columbia  River  drainage  prepared  by  the  U.S.  Weather  Bureau  River  Forecast  Cen- 
ter, Portland,  Oregon,  in  1968. 
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Diagnostic  forest  vegetation 


Although  it  has  a  relatively  mild,  Pacific-influenced  climate,  this  region's  fo 
ests  are  generally  drier  than  those  of  either  northwestern  Montana  or  adjacent  north 
Idaho.  Thus,  the  region  has  only  small  amounts  of  Pacific  Coast  forest  species  such 
Thuja  plioata^  Pinus  montiaola,  Taxus  brevifolia^  Clintonia  uniflora^  Adenoaaulon  bi 
coZoVy  Coptis  spp.  (of  western  North  America),  and  Tiavella  trifoliata.  These  speci 
are  restricted  to  moist  canyon-bottom  sites  or  seepage  areas  and  generally  reach  the 
southeastern  limits  within  this  region  (table  3).  Abies  grandis  is  locally  common, 
is  much  less  abundant  than  it  is  in  northwestern  Montana.  West-central  Montana  is  c 
acterized  by  an  abundance  of  the  intermountain  forest  species--Lar"£a:  ocaidentalisj  L 
lyalliiy  Pinus  ponderosa  var.  ponderosa,  Xerophyllum  tenax,  Menziesia  ferruginea,  an 
Lusula  hitohoookii.  These  species  become  rare  or  absent  in  the  remaining  regions  th 
lie  farther  east  (table  3). 

Forest  distribution 

As  figure  4  shows,  the  typical  array  of  forest  series  here  is  not  as  diverse  as 
that  in  northwestern  Montana,  because  of  the  scarcity  of  Pacific  Coast  species.   Abo' 
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Iz: 


< 


ELEVATIO 
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1  iS   timberline  h.t.  s 
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800C 
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.i^i 


PINUS  PONDEROSA  SERIES 


grassland 


550C 


3500 


Figure  4.  —  Distribution  of  forest  trees  in  an  area  of  west-oentral  Montana.     Arrows 
show  the  relative  elevational  range  of  each  species;   solid  portion  of  the  arrow 
indicates  where  a  species  is  the  potential  climax  and  dashed  portion  shows  where 
it  is  serai.      (Modified  from  Pfister  and  others  1977). 
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(I    [icrccnt    of   the    Innd    in   this    region    is   potentially    forested.      Most   of   the   nonforest 

;ind   is   grassland    {Agropyron  spu-iitwu,    Festuc'a    idahoensii-; ,    and  /''.    soabrella   associations 
'f  Mueggler  and  Handl    fin    pressj  )    that   occur    in   tiie   broader    low-cd  eya  t  i  on    valle\s. 

Hiuial    precipitation   on    these   nonforest    valley   sites    is    less    than    IS    inches   and    soils 
;rc  well-drained.      However,    this    grassland    is   not    extensive,    and    lower   tiiiiherline 

viierally  occurs   within    1,(X10    feet   of   the   valley  base   elevation;    thus    it    is    found 

iween   about    3,200   and    5,500    feet.      Forest    extends   over   all    but    the   highest    peaks 
j  and   T-ockiest    sites).      The   average   elevation   of  alpine   tree    line    is    about    (S,.S()l)    feet. 

'principal    forest    habitat    types   of  west-central    Montana   are   shown    in    table   2. 

lei 

Mlimatic  influences 

d 

^  The  comparatively  dry,  Pacific-influenced  climate  of  this  region  is  illustrated  by 
"'lata  from  the  locations  of  Darby  and  Greenough  (table  4).  Average  annual  precipitation 
'"in  the  subalpine  forests  is  generally  35  to  55  inches  (footnote  2). 

Serai  Pinus  pondevosa   and  Larix  occidental-is    form  the  largest  and  most  commerc  ia  1  1_\- 
important  west-central  Montana  forest  trees;  they  often  attain  heights  of  130  to  1!0 
feet  at  maturity.   Tlie  exception  is  the  southeastern  part  of  this  region  where  va  1  1  e\- 

^  3ase  elevations  are  high  and  forests  are  dominated  by  Finns   confjDr'ta .      (However,  the 

™intermountain  undergrowth  species  dominate.] 


North-Central  Montana 
Forest  Region 


The  north-central  Montana  forest  region  includes  all  the  forested  terrain  along 
the  east  slope  of  the  Continental  Divide  from  the  drainage  of  the  North  Fork  of  the 
Dearborn  River  north  to  the  Canadian  border  and  east  to  Havre.   Adjacent  southern 
Alberta  has  similar  forest  environments. 


Diagnostic  forest  vegetation 

This  area  supports  the  most  extensive  Populus  tremuloides   groves  in  the  State 
(Lynch  1955)  as  well  as  large  patches  of  Pinus  flexilis   woodland  along  the  lower  skirts 
of  the  mountains.  Pinus  pondevosa   is  absent,  apparently  because  of  the  cxcessivel  >•  cold 
and  windy  winter  conditions.   A  narrow  band  of  Abies   lasiocarpa    (series)  forest  along 
the  Rocky  Mountain  front  supports  the  easternmost  occurrences  of  intermountain  under- 
growth species,  Menziesia  ferruginea,   Xevophyllum  tenax,    Lnzula  hitchoockii,    and  even 
"cove  sites"  with  Clintonia  uniflora   barely  extending  across  the  Divide  from  nortliwcst- 
ern  Montana  (appendixes  A-7,  -8,  and  -10);  however,  the  limited  tree  flora  and  its 
stunted  growth  are  definitely  indicative  of  the  severe  eastside  climatic  conditions. 
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Figure   5. — Distribution  of  forest  trees  in  an  area  of  north-centra.!  Montana.      Arrows 
show  the  relative  elevational  range  of  each  species;   solid  portion  of  the  arrow 
indicates  where  a  species  is  the  potential  climax  and  dashed  portion  shows  where 
it  is  serai. 


Forest  distribution 

Only  about  10  percent  of  the  land  in  this  region  is  potentially  forested,  most  of 
it  occurring  in  a  20  to  30  mile  band  along  the  eastern  skirts  of  the  Continental  Divide 
or  Front  Range  of  the  Rockies.   Figure  5  illustrates  a  characteristic  distribution  of 
tree  species  in  this  region.   A  small  area  of  similar  forest  (8  mi^) ,  lacking  only  Lari 
lyallii,   occurs  on  the  Sweetgrass  Hills  (elev.  6,983  feet)  90  miles  east  of  the  nearest 
Front  Range  stands  (Thompson  and  Kuijt  1976) . 

Lower  timberline  generally  occurs  between  4,500  and  5,000  feet  and  forest  extends 
up  to  all  but  the  highest  ridges  and  peaks.  Alpine  tree  line  averages  about  8,000  feet 
Most  of  the  nonforest  land  is  potentially  grassland  dominated  by  Agropyron,   Festuca, 
Bouteloua,    and  Stipa    (Kuchler  1964;  Mueggler  and  Handl,  In  press). 

Climatic  influences 

North-central  Montana  has  a  continental  climate  with  severe  chinook  winds  and  dra- 
matic fluctuations  of  winter  temperatures  that  often  injure  forest  trees.   On  wind- 
exposed  slopes,  tree  growth  is  stunted  by  "red  belt"  conditions.   Branches,  groups  of 
trees,  or  even  sizable  stands  are  routinely  killed  by  desiccation  of  foliage  caused  whe 
warm,  dry  chinook  winds  occur  while  the  ground  is  frozen  and  little  water  is  available 
to  replace  transpiration  losses.  Pinus  flexilis    (at  low  and  middle  elevations)  and  P. 
albicaulis    (at  high  elevations)  are  least  susceptible  to  red  belt  damage. 
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Growing  seasons  are  short  and  cool  in  the  lower  elevation  forest  sites  (table  1 
nd  figure  2).   Except  in  protected  valleys,  trees  seldom  reach  70  feet  in  heiuht. 
verage  annual  precipitation  in  the  subalpine  forests  is  generally  :--('  to  4  0  inches 
footnote  2),  although  it  is  mucli  greater  in  a  few  areas  along  the  Tontinental  Divide, 
articularly  in  Glacier  National  Park.   The  severity  of  winter  temperature  fluctuations 
s  illustrated  by  the  world-record  temperature  drop  of  100°  F  in  24  hours  (from  +44°  to 
5b°F]  at  Browning,  near  East  Glacier  Park,  in  .January  191()  fMcWhirtcr  and  McWhirtcr 
9-2). 


Central  Montana 
Forest  Region 


The  central  Montana  forest  region  includes  all  the  forested  terrain  from  the  Helena 
/alley  east  to  Harlowton,  Lewistown,  and  Fort  Peck  Reservoir,  and  north  to  Havre.   Spe- 
;ifically,  the  western  edge  runs  along  the  Continental  Divide  from  the  drainage  of  the 
i>1iddle  Fork  of  the  Dearborn  River  south  to  the  Boulder  River  divide.   Forests  contiguous 
vith  and  west  of  the  divide  are  included  from  the  Avon  Valley  soutli  to  Deer  Lodge  (from 
^levada  Peak  to  Electric  Peak  along  the  Continental  Divide).   Eastward,  the  area  encom- 
passes the  Elkhorn  Mountains  (except  for  the  southwestern  portion  of  that  range  that 
drains  into  the  Boulder  River)  as  well  as  the  Big  Belt,  Little  Belt,  Castle,  Big  Snowy, 
[Little  Snowy,  Judith,  Little  Rocky,  Bearpaw,  and  Highwood  Mountains,   'i'he  range  also 
contains  rather  extensive  lowland  Pinus  ponderosa    (var.  SGopuloriuv ,    Booth  1950,  Little 
1953)  forests  in  the  Helena  and  Lewistown  vicinities  and  in  the  Missouri  River  Breaks. 

piagnostic  forest  vegetation 

Most  of  central  Montana  has  a  low-elevation  forest  belt  of  Pinus  ponderosa    (var. 
saopuZorum) .      In  contrast  to  westside  P.    ponderosa    (var.  ponderosa),    these  have  many 
two-needle  fascicles  and  a  short  growth  form.   Additionally,  central  Montana  lias  moun- 
tain forests  made  up  of  other  climax  series  (table  1).   The  other  eastside  region 
tontaining  P.    ponderosa    (southeastern  Montana)  does  not  have  additional  forest  series. 

Coastal  and  intermountain  species  are  essentially  absent,  while  eastside  sjiecies, 
including  Pinus  flexilis   and  Jimiperus  horizontalis,    are  prominent  (table  5).   Great 
Plains  grassland  elements  such  as  Bouteloua  gracilis   and  B.    curtipendula.    Yucca  glauca, 
and  Opuntia  fragilis,    and  0.    polyaoantha   are  commonly  found  in  the  driest  Pinus  ponder- 
osa  and  P.   flexilis   stands. 

Forest  distributioyi 

Approximately  20  percent  of  the  land  in  this  region  is  potentially  forested.   Most 
of  the  nonforest  land  is  potentially  grassland  dominated  by  Agropyron,    Festuca,    Boute- 
lo'ua,    and  Stipa    (Kuchler  1964;  Mueggler  and  ll;uull,  In  press).   Thi.-  i'orcsl  s  ai-c 

'associated  with  prominent  mountain  ranges  and  the  Missouri  Rivei  Breaks.   Forest  extends 
from  valley  base  levels  or  from  lower  timberlines  on  the  principal  mountain  ranges  (at 

14,000  to  5,500  feet)  and  covers  all  but  the  highest  peaks.   Alpine  tree  line  averages 
about  8,500  feet.   Figure  6  shows  a  characteristic  distribution  of  tree  sjiecics  on  non- 
limestone  parent  materials  in  central  Montana. 
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Figui'e  6.  — Distribution  of  forest  trees  in  an  area  of  central  Montana.  Arrows  show  t, 
relative  elevational  range  of  each  species;  solid  portion  of  the  arrow  indicates  wh 
a  species  is  the  potential  climax  and  dashed  portion  shows  where  it  is  serai. 


Extensive  areas  having  limestone  substrates  occur  in  the  mountain  ranges  of  cent 
Montana.   The  limestone-derived  soils  drain  rapidly  and  are  generally  dominated  by 
drier  site  species  than  the  adjacent  nonlimestone  sites  (fig.  53,  54,  in  Pfister  and 
others  1977) .   For  example,  at  medium  elevations  the  limestone  sites  often  support 
Pseudotsuga   with  a  grass-forb  undergrowth,  while  adjacent  granitic  sites  have  Pinus 
contorta   and  Vaocinium   spp.  (Goldin  and  Nimlos  1977;  Weaver  and  Parry  1978). 

Climatic  influences 

This  region  has  a  continental  climate,  but  has  forests  extending  to  lower  eleva- 
tions and  less  severe  winter  conditions  than  north-central  Montana.   The  warmer  July 
temperatures  and  longer  growing  seasons  (fig.  2)  in  the  lower  forest  zone  are 
indicated  by  weather  station  data  in  table  4.   However,  except  on  sheltered  sites, 
trees  seldom  attain  80  feet  in  height.   Average  annual  precipitation  in  the  subalpine 
forests  is  estimated  to  be  25  to  35  inches  (footnote  2) . 

In  the  higher  valleys  and  at  high  elevations  in  the  mountains,  extreme  temperatu 
changes  accompanied  by  strong  winds  inflict  red  belt  damage.   For  instance,  in  mid- 
January  1971  such  weather  conditions  (temperatures  fluctuating  between  -30°  and  +58° 
at  Great  Falls,  accompanied  by  strong  winds)  killed  about  20,000  acres  of  Pinus  conto: 
forest  in  the  Little  Belt  Mountains. 


16 


Southwestern  Montana 
Forest  Region 


Area  included 


The  southwestern  Montana  forest  region  includes  the  Jefferson,  Madison,  ;iik1  Boulder 
jRiver  drainages,  east  of  the  Continental  Divide,  as  well  as  the  forests  on  both  slopes 
|of  the  Continental  Divide  range  in  the  vicinity  of  Butte  (specifically  from  Idectric 
Peak,  east  of  Deer  Lodge,  to  California  Pass,  south  of  Anaconda). 


As  in  central  Montana,  Pacific  Coast  forest  elements  are  absent  and  intermounla in 
elements  are  scarce  (table  3).   Rather  short,  but  stout  Pseudotsuga    (or  Pinus  flexilis] 
occupy  the  warmest  forest  sites,  and  Pinus  contorta   along  with  Vacciniim  scopariimi 
undergrowth  dominate  most  high-elevation  forests.   Undergrowth  is  notably  sparse  in  tlie 
denser  forest  stands,  and  in  Pseudotsuga   forests  undergrowth  often  consists  primarily 
of  scattered  Festuca  idahoensis   and  even  Artemisia   ti^identata        Figure  7  shows  a  char- 

tlacteristic  distribution  of  tree  species  in  southwestern  Montana.   Principal  forest 

''i| habitat  types  are  shown  in  table  2. 
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Figure   7. — Distribution  of  forest   trees   in  an  area  of  southwcsteim  llontana.      Arrows  show 
the  relative  elevational  range  of  eaah  species;    solid  portion  of  the  arrow  indicates 
where  a  species  is  the  potential  climax  and  dashed  portion  shows  wJiere   it   is  serai. 
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Forest  distribution 

Despite  its  mountainous  terrain,  only  about  one-fourth  of  this  region  is  forested 
Most  of  the  nonforest  land  is  semiarid  steppe  {Artemisia)    and  grassland  {Agropyron^ 
Festuca,    and  Stipa) ,    along  with  small  areas  of  alpine  vegetation  (Kuchler  1964;  Mueggl 
and  Handl,  In  press)  above  9,500  feet  elevation.   Lower  timberline  generally  occurs 
somewhere  between  5,700  and  7,000  feet  in  elevation.   However,  some  of  the  mountain 
ranges  south  of  Dillon  are  so  dry  that  little  forest  is  supported  even  at  8,000  feet. 
Thus,  the  entire  forest  belt  (between  lower  and  upper  timberline)  may  span  only  1,000 
to  1,500  feet  of  elevation,  and  may  be  locally  absent  on  exposed  south-  and  west-facin 
slopes.   Similarly  high,  semiarid  mountain  ranges,  projecting  above  an  Artemisia 
tridentata   steppe  (Kuchler  1964),  occur  in  adjacent  east-central  Idaho  (Steele  and 
others  (footnote  1)). 

Climatic  influences 

As  illustrated  by  weather  records  from  Lakeview  (table  4),  this  is  a  cold,  dry 
forest  region  having  high  valley-base  elevations,  and  a  continental  climate.   Average 
annual  precipitation  in  the  subalpine  forest  ranges  from  about  22  to  35  inches  (foot- 
note 2) .   This  forest  region  evidently  has  growing  seasons  too  short  and  cold  for 
Pinus  ponderosa    (fig.  2) .   The  cold,  dry  conditions  are  also  evidenced  by  the  lack  of 
Pseudotsuga/Physocarpus   habitat  type  (tables  2  and  3)  .   However,  chinook  winds  and  teni' 
perature  fluctuations  are  less  severe  than  in  north-central  and  central  Montana,  and 
red  belt  damage  is  less  common. 


South-Central  Montana 
Forest  Region 


The  south-central  Montana  forest  region  includes  the  Gallatin  and  upper  Yellowsto 
River  drainages  (along  with  the  Bridger  and  Crazy  Mountains)  as  well  as  the  Pryor  Moun 
tains  and  the  north  end  of  the  Bighorn  Range.  The  region  encompasses  the  northern  par 
of  an  extensive,  high-elevation  forested  upland  surrounding  Yellowstone  National  Park. 
This  upland  is  capped  by  large  alpine  plateaus  in  Montana  and  Wyoming. 

Diagnostic  forest  vegetation 

Most  of  the  forest  in  south-central  Montana  is  dominated  by  Pseudotsuga^   Pinus 
contorta,   Picea,    or  Abies  lasiooarpa.      The  abundance  of  Picea/PhysooarpuSy   Picea/Galiw 
triflorwn,  Abies   lasiocarpa/ Galium  triflorim,    and  Abies  lasiocarpa/ Calamagrostis  cana- 
densis  habitat  types  (table  2)  attests  to  the  moistness  of  many  of  the  forests.   Also, 
scattered  populations  of  Xerophyllum   and  Menziesia   (appendixes  A-9  and  -10)  are  found 
here,  more  than  100  miles  east  of  their  usual  distributional  limits  near  the  Continent 
Divide.   In  contrast  to  southwest  Montana,  one  seldom  finds  extensive  stands  having  a 
grassland  undergrowth  (except  on  limestone  substrates),  nor  does  one  find  very  sparse 
undergrowth  related  to  dry  conditions. 

Forest  distribution 

Nearly  half  of  the  land  in  south-central  Montana  supports  forest,  and  most  of  the 
remaining  area  is  potentially  grassland-- (i4^ropi/r'(9nj  Festuca^   Stipa)   according  to 
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tgure  8. — Distribution  of  forest  trees  in  an  area  of  south-central  Montana.      Arrows 
show  the  relative  elevational  range  of  each  species;   solid  portion  of  the  arrow 
indicates  where  a  species  is  the  potential  climax  and  dashed  portion  shows  where 

i  it  is  serai.       (Modified  from  Pfister  and  others   1977.) 


bchler  (1964) --occupying  the  drier,  lower  elevation  valleys.   Lower  tiinherline  avcr- 
ges  about  5,500  feet  and  alpine  tree  line  occurs  near  9,500  feet.   I'igurc  8  sliows  a 
haracteristic  distribution  of  tree  species  in  an  area  of  soutli-ccntr;il  Montana,   iaiile 
lists  principal  forest  habitat  types. 

Limestone  substrates  are  abundant  in  the  Pryor  Mountains  and  occur  sporadically 
Isewhere  in  south-central  Montana.   These  sites,  below  about  an  S, 000-foot  elevation, 
enerally  have  forests  dominated  by  Pinus  flexilis   and  Pseudotsnna. 

'limatic  influences 

South-central  Montana  has  a  continental  climate,  and  red  belt  injury  is  often 
evere  at  lower  timberline.   The  valleys  have  high  base  elevations  ami  are  too  cold 
short  growing  season,  figure  2)  for  any  significant  amounts  of  Pinus  ponderosa;    how- 
ver,  forests  are  generally  moister  than  those  of  southwestern  Montana.   Weather  records 
or  three  forested  sites  in  this  region  are  found  in  table  4.   Average  annual  precipita- 
ion  in  the  subalpine  forests  is  generally  50  to  45  inches  (footnote  2). 
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Southeastern  Montana 
Forest  Region 


The  southeastern  Montana  forest  region  includes  the  extensive  pure  Pinus  ponderosi 
forests  on  lowlands  and  hilly  terrain  (mostly  2,800  to  4,400  feet  elevation)  in  the 
northern  Great  Plains.  It  covers  the  lower  Yellowstone  River  drainage  as  far  upstream 
(west)  as  Big  Timber.  The  region  extends  up  the  Musselshell  Valley  to  Harlowton  and 
its  northern  boundary  includes  the  northernmost  pine  groves  in  the  vicinities  of  Rounct 
up.  Miles  City,  and  Baker. 

Diagnostic  forest  vegetation 

Although  Pinus  ponderosa   is  the  only  forest  tree,  it  occurs  in  rather  diverse 
habitat  types  (table  2) .   The  driest  of  these  forest  sites  have  very  open  stands  of 
short  trees  (35-60  feet),  with  grassland  undergrowth  (e.g.,  Andropogon  gerardii   and  A. 
saoparius ,   Agropijron  spicatvon,   Bouteloua  gracilis,    Carex  filifolia) .   Conversely,  moiii 
north-facing  slopes  have  dense  stands  of  P.  ponderosa   (70-95  feet  tall),  with  a  luxur 
ant  shrub  and  herb  undergrowth  including  many  species  characteristic  of  the  mountain 
forests  to  the  west  (e.g.,  Shepherdia  canadensis,   Arctostaphylos  uva-ursi,   Berberis 
repenSi   Linnaea  borealis.   Arnica  oordifotia,   Bisporvm  trachycarpvm,   Pyrola  secunda,    an 
Smilacina  stettata) . 

The  presence  of  Linnaea  and  some  other  undergrowth  species  strongly  suggests  thar 
the  more  moist  habitats  would  support  Pseudotsuga;  however,  the  nearest  seed  source  ft'i 
this  species  is  at  least  70  miles  away  in  the  Bighorn  Range.  This  conclusion  is  rein 
forced  by  the  fact  that  Pinus  ponderosa  stands  developing  on  the  moister  sites  are  mo 
heavily  stocked  than  is  characteristic  of  P.  ponderosa  habitat  types  elsewhere  in  the 
State. 

In  addition  to  having  a  shorter  growth  form  than  its  counterpart  west  of  the  Con 
tinental  Divide,  the  P.  ponderosa   (var.  scopulorum,    Booth  1950  and  Little  1953)  in  sodi 
eastern  Montana  has  a  majority  of  two-needle  fascicles.   These  may  be  manifestations 
of  substantial  genetic  differences  between  the  west  slope  and  Great  Plains  P.  pondero< 

Two  eastern  deciduous-forest  species  {Fraxinus  pennsylvanica   and  Prunus  american 
occur  along  streams  and  moist  lower  north  slopes  in  southeastern  Montana,  and  two  oth 
such  species  [Vlmus  americana   and  Quercus  macrocarpa)   reach  the  eastern  edge  of  this 
region  (Little  1971,  1976).   Pfister  and  others  (1977)  have  discussed  compositional 
similarities  between  the  P.  ponderosa   forests  of  southeastern  Montana  and  those  of  th 
Black  Hills  of  western  South  Dakota  as  sampled  by  Thilenius  (1972). 

Forest  distribution 

Approximately  20  percent  of  southeastern  Montana  supports  forest.  This  is  a  reg 

without  prominent  mountains,  or  mountain  forests;  thus,  it  differs  from  all  other  for 

ested  regions.   (Northeastern  Montana  does  not  have  mountains,  but  also  is  without  Gr 
Plains  Pinus  ponderosa   forest.) 


Most  of  the  remainder  of  the  region  is  Great  Plains  grassland  (Houtcloun-Sti['t;- 
popi/ron,    according  to  Kuchler  1964).   Some  of  this  grassland  has  widely  scattered 
)ines,  and  tlius  can  be  termed  a  "savanna." 

imatio  influenoes 

Soutlieastern  Montana  has  a  continental  climate.   Summers  arc  longer,  hotter,  and 
nore  humid  than  those  in  the  mountainous  forest  regions  (tal)le  4  and  figure  2).   Most 
'f  the  annual  precipitation  (ranging  up  to  about  18  inches  in  moist  t'uiH'st  ,ii-e;is) 
:omes  in  spring  and  summer  rains.   Winters  are  generally  dry  and  cold,  but  arc  not  as 
-r.cvere  as  those  in  the  northern  parts  of  Montana  east  of  the  Continental  Divide. 


Northeastern  Montana 


The  northeastern  part  of  Montana  includes  the  area  north  of  Miles  City  and  east  of 
tlie  Missouri  River  Breaks.   Potential  natural  vegetation  is  Great  Plains  grassland 
{Bouteloua-Stipa-Agropyron   and  Agropyvon-Stipa,    according  to  Kuchler  1964)  excejn,  for 
'Stands  of  Populus  deltoides   lining  the  principal  rivers.   This  region  has  no  upland 

rest,  except  for  a  few  widely  scattered  populations  of  stunted  Pinus  pondevosa.      fi'hc 
most  notable  stand  is  at  the  Pines  Recreation  Area  south  of  Glasgow  on  Fort  Peck  Reser- 
voir.)  The  extremely  cold  continental  winters,  coupled  with  desiccating  winds,  may  lie 
the  factors  preventing  Pinus  ponderosa   from  growing  here.   Average  annual  precipitation 
is  between  11  and  15  inches  in  this  region  (U.S.  Dep.  Comm.  1971).   Table  4  presents 
climatic  data  from  Glasgow. 
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RESEARCH  AND  MANAGEMENT 
APPLICATIONS 


The  forest  regions  presented  here  were  developed  to  describe  distributions  of 
forest  habitat  types  (Pfister  and  others  1977) --i.e.,  forest  sites  and  vegetation  in 
mature  stands.   The  regions  can  also  be  used  in  describing  distributions  of  individuaLli  i 
forest  species  or  serai  forest  communities  (e.g.,  Acev  glabrnm-Salix   brushfields)  .     '' 
The  Northern  Region  of  the  USDA  Forest  Service  recently  adopted  forest  regions  as 
"seed  transfer  zones"  to  help  insure  that  nursery-raised  seedlings  are  sent  to  a 
geographic  area  similar  to  the  one  where  the  seeds  were  collected. 

These  forest  regions  may  be  useful  as  a  biologically  based  regional  stratificatioi  j 
for  forest  research  and  forest  management  studies.  For  example,  it  might  be  useful  to  i| 
stratify  productivity  estimates  (site  index  and  yield  capability)  of  individual  habital3| 
types  by  forest  region.  Similarly,  these  forest  regions  logically  could  be  incorporat(  i 
in  studies  of  genetic  variation  in  tree  species  and  in  tree  improvement  programs. 

Responses  of  trees  and  other  vegetation  to  management  are  often  stratified  by     i 
habitat  type,  but  it  may  be  useful  to  analyze  them  by  forest  region  as  well.   Forest 
regions  offer  an  additional  dimension  for  interpreting  variation  in  forest  vegetation.  , 
Forest  managers  may  find  appendix  C  useful  for  determining  the  location  of  forest  regie | 
boundaries.  ' 
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APPENDIX  A 

Distribution  of  key  tree  and  undergrowth  species  in  Montana 
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Figvcoe  A-1. — Natural  dis- 
tribution of  Tsuga 
heterophylla  in  Montana 
(Speaies  common  in 
suitable  habitats  withi 
shaded  area.      X's  in- 
dicate small  outlying 
populations.  ) 


Figure  A-2. — Natural  dis- 
tribution of  Pinus 
monticola  in  Montana. 
(Species  common  in 
suitable  habitats  within 
shaded  area.      X's  in- 
dicate small  outlying 
populations .  ) 
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fgure  A-3. — Natia'al 
distribution  of 
Thuja  plicata  in 
M07itana.      (Species 
common  in  suitable 
habitats  within  slmded 
area.      X's  indicate 
small  outlying 
populations. ) 


NORTHWESTERN 


'igure  A-4. — Natiwal 
distribution  of   Abies 
grand is  in  Montana. 
(Species  common  in 
suitable  habitats 
within  shaded  area. 
X's  indicate  small 
outlying  populations . ) 
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Figure  A-5. — Natural  distri- 
bution of  Larix  occidental  is 
in  Montana.      (Species  aommon 
in  suitable  habitats  within 
H|L_     shaded  area.     X's  indicate 
''  small  outlying  populations.  ) 
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Figure  A- 6.— Natural  distribution  of  Pinus   flexilis    (plot   locations  and  observations 
only)    %n  Montana. 
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Figure  A-7.— Natural  dis- 
tribution of  Clintonia 
uni flora  in  Montana. 
(Species  common  in 
suitable  habitats  within 
shaded  area.      X's  in- 
dicate small  outlying 
populations. ) 
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Figure  A- 8. — Natural 
distribution  of  Luzula 
hitchcockii  in  Montana. 
(Species  common  in 
suitable  habitats  within 
shaded  area.      X's  in- 
dicate small  outlying 
populations . ) 
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Figure  A-9.— Natural  dis- 
tribution of  Menziesia 
ferruginea  in  Montana. 
(Species  oomrnon  in  suita 
habitats  within  shaded  a. 
X's  indicate  small  outly 
populations. ) 
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Figure  A-10.— Natural  dis- 
tribution of  Xerophyllum 
tenax  in  Montana.      (Specie i 
common  in  suitable  habitat'' 
within  shaded  area.      X's  ii 
dicate  small  outlying 
populations . ) 
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APPENDIX  B 


Number  of  sample  plots  (Pfister  and  others  1977) 
by  habitat  type,  phase,  and  forest  region  in  Montana 
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Table  B-l--Number  of  sample  plots   (Pfister  and  others  1977)   by  habitat  type^ 
phase,   and  forest  region  in  Montana.      (c.t.  =  community  type) 


NW  =  Northuestem  Montana 
WC  =  west-central  Montana 
NC  =  north-central  Montana 
C  =  central  Montana 


SW  =  southwestern  Montana 
SC  =  south-central  Montana 
SE  =  southeastern  Montana 


Montana  forest  region 


Series/habitat  type/phase   :  NW  :  WC   :  NC 


SW 


SC 


SE 


Total 


Forested  scree 


16^ 
16 


Pinus  flexilis  series 


/Agropyron  spicatum  h.t. 

/Festuca  idahoensis  h.t. 
-Festuca  idahoensis  phase 
-Festuca  scabrella  phase 

/Juniperus  communis  h.t. 


1 

2 

2 

1 

1 

2 

2 

2 

1 

3 

, 

, 

1 

4 

1 
8 

1 
5 

4 
7 

7 

4 

_7 

24 


Pinus  ponderosa  series 

/Andropogon  spp.  h.t. 

/Agropyron  spicatum  h.t. 

/Festuca  idahoensis  h.t. 
-Festuca  idahoensis  phase 
-Festuca  scabrella  phase 

/Purshia  tridentata  h.t. 
-Agropyron  spicatum  phase 
-Festuca  idahoensis  phase 

/Symphoricarpos  albus  h.t. 
-Symphoricarpos  albus 

phase 
-Berberis  repens  phase 

/Prunus  virginiana  h.t. 
-Prunus  virginiana  phase 
-Shepherdia  canadensis 
phase 


10 


33 


15 


_2_ 
24 


1 

21 

14 
16 

4 
7 


3 

6 

82 


Pseudotsuga  menziesii  series 

/Agropyron  spicatum  h.t. 
/Festuca  idahoensis  h.t. 
/Festuca  scabrella  h.t. 
/Vaccinium  caespitosum  h.t, 
/Physocarpus  malvaceus  h.t, 
-Physocarpus  malvaceus 

phase 
-Calamagrostis  rubescens 
phase 


1 

5 
15 

1 
2 
9 

12 

23 

1 

7 

1 

14 


13 
19 
13 

27 


45 


(con.) 
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Table  B-l.--(con.) 


Series/habitat  type/phase 


NW 


Montana  forest  ropion 


WC 


NT 


C 


SK 


sr 


SF 


Total 


Pseudotsuga  mensiesii  series 


/Vaccinium  globulare  h.t. 
-Vaccinium  globulare  phase 
-Arctostaphylos  uva-ursi 

phase 
-Xerophyllum  tenax  phase 
/Linnaea  borealis  h.t. 
-Symphoricarpos  albus 

phase 
-Calamagrostis  rubescens 

phase 
-Vaccinium  globulare  phase 
/Symphoricarpos  albus  h.t. 
-Agropyron  spicatum  phase 
-Calamagrostis  rubescens 

phase 
-Symphoricarpos  albus 
phase 
/Calamagrostis  rubescens  h.t. 
-Agropyron  spicatum  phase 
-Arctostaphylos  uva-ursi 

phase 
-Calamagrostis  rubescens 

phase 
-Pinus  ponderosa  phase 
/Carex  geyeri  h.t. 
/Spiraea  betulifolia  h.t. 
/Arctostaphylos  uva-ursi 

h.t. 
/Juniperus  communis  h.t. 
/Arnica  cordifolia  h.t. 
/Symphoricarpos  oreophilus 
h.t. 


2 

7 

6 

11 

3 

4 

1 

5 

• 

8 

1 

6 

9 

17 

1 

5 

5 

5 

2 

7 

3 

23 

3 

8 

, 

3 

2 

2 

13 

9 
18 


75    161 


10 


4 

2 

, 

12 

1 

• 

• 

9 

2 

• 

• 

9 

5 

3 

6 

40 

4 

T 

3 

18 
10 

2 

• 

• 

11 

13 

15 

7 

62 

3 

, 

, 

14 

4 

1 

2 

10 

3 

• 

• 

11 

7 

1 

8 

6 

7 

, 

14 

6 

7 

• 

13 

1 

1 

84 

56 

31 

416 

Picea  series 


/Equisetum  arvense  h.t. 
/Clintonia  uniflora  h.t. 

-Vaccinium  caespitosum 
phase 

-Clintonia  uniflora  phase 
/Physocarpus  malvaceus  h.t. 
/Galium  triflorum  h.t. 
/Vaccinium  caespitosum  h.t. 
/Senecio  streptanthifolius 

h.t. 

-Pseudotsuga  menziesii 
phase 

-Picea  phase 
/Linnaea  borealis  h.t. 
/Smilacina  stellata  h.t. 


16 


31 


5 
5 

19 


4 
10 


, 

8 

16 

6 

6 

9 

15 

. 

5 

11 

31 


21 

10 

100 


(con  . ) 


Table  B-l.--(con.) 


Series/habitat  type/phase 


NW 


Montana  forest  region 
WC   :  NC   :  C   :  SW   :  SC 


SE 


Total 


Abies  grandis  series 

/Xerophyllum  tenax  h.t. 

/Clintonia  uniflora  h.t. 
-Clintonia  uniflora  phase 
-Aralia  nudicaulis  phase 
-Xerophyllum  tenax  phase 

/Linnaea  borealis  h.t. 
-Linnaea  borealis  phase 
-Xerophyllum  tenax  phase 
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6 
6 

4 

5 
_3 
30 


Thuja  plicata  series 

/Clintonia  uniflora  h.t. 

-Clintonia  uniflora  phase  13 
-Aralia  nudicaulis  phase  8 
-Menziesia  ferruginea  phase  6 

/Oplopanax  horridum  h.t.     j_l_ 

38 


15 
9 
7 

11_ 

42 


Tsuga  heterophylla  series 

/Clintonia  uniflora  h.t. 
-Clintonia  uniflora  phase 
-Aralia  nudicaulis  phase 


27 
1J_ 
38 


27 
U_ 
38 


Abies  lasiocarpa  series 
(Lower  subalpine  h.t.s) 

/Oplopanax  horridum  h.t. 

/Clintonia  uniflora  h.t. 
-Clintonia  uniflora  phase 
-Aralia  nudicaulis  phase 
-Vaccinium  caespitosum 

phase 
-Xerophyllum  tenax  phase 
-Menziesia  ferruginea 
phase 

/Galium  triflorum  h.t. 

/Vaccinium  caespitosum  h.t. 

/Calamagrostis  canadensis  h.1 
-Calamagrostis  canadensis 

phase 
-Galium  triflorum  phase 
-Vaccinium  caespitosum 
phase 

/Linnaea  borealis  h.t. 
-Linnaea  borealis  phase 
-Xerophyllum  tenax  phase 
-Vaccinium  scoparium  phase 

/Menziesia  ferruginea  h.t. 


18 

11 

3 

. 

32 

12 

4 

2 

• 

18 

8 

2 

10 

13 

7 

1 

• 

21 

12 

8 

2 

22 

. 

10 

4 

5 

34 

• 

2 

• 

3 

5 

10 

8 

1 

8 

6 

23 

• 

2 

• 

1 

2 

• 

5 

3 

1 

• 

1 

2 

• 

7 

1 

10 

4 

2 

1 

2 

20 

5 

8 

. 

. 

, 

, 

13 

2 

3 

1 

4 

5 

2 

17 

19 

37 

5 

. 

2 

1 

64 

(con. ) 
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Table    P-1  .--fcon.") 


Series/habitat    tyiie/phase 

Abies    lasiocarpa   series 
('Lower   subalnine  h.t.s) 


N'W 


IV  r 


Montana    forest    rep, ion 
'~W      ':      T ~  :    SIV   '  '■    SC 


sr 


Hit  a] 


TsLiga  mertensiana/Menziesia 
h .  t .  8 

/Xerophyllum  tenax  h.t. 

-Vaccinium  globulare  phase  18 
-Vaccinium  scoparium  phase  3 

Tsuga  mertensiana/Xerophylluni 
h.t.  9 

/Vaccinium  globulare  h.t. 

/Vaccinium  scoparium  h.t. 
-Calamagrostis  rubescens 

phase 
-Vaccinium  scoparium  phase   1 
-Thalictrum  occidentale 
phase 

/Alnus  sinuata  h.t. 

/Calamagrostis  rubescens  h.t.  . 

/Clematis  pseudoalpina  h.t. 

/Arnica  cordifolia  h.t. 

/Carex  geyeri  h.t. 
-Carex  geyeri  phase 
-Pseudotsuga  menziesii 
phase 


(Upper  subalpine 


t  .s 


/Ribes  montigenum  h.t. 
Abies  las.-Pinus  albic./ 

Vaccinium  scop.  h.t. 
/Luzula  hitchcockii  h.t. 
-Vaccinium  scoparium  phase 
-Menziesia  ferruginea 
phase 
Tsuga  mertensiana/Luzula  h.t. 
-Vaccinium  scoparium  phase 
-Menziesia  ferruginea 
phase 

(Timber line  h.t.s J 

Pinus  albicaulis-Abies 

lasiocarpa  li .  t .  s 
Larix  lyallii-Abies 

lasiocarpa  h.t.s 
Pinus  albicaulis  h.t.s 


14 


4 
5 
168 


18 
14 


29 

\_ 

221 


4.3 


6.3 


2 

4_ 
94 


11 


, 

2 

3 

S 

• 

1 

.1 

4 

s 

1 

5 

4 

1 

, 

1 

-) 

1 

1 

T 

4 

1 

7 

1 

6 

1 

8 

15 

• 

2 

• 

1 

• 

2 

1 

3 

• 

• 

3 

3 

3 

9 

15 

13 

4 

• 

2 

• 

1 

_1^ 

93 


10 

4  0 
21 

9 

21 


10 

17 

10 
6 
8 

15 

24 


6 

44 
29 
24 


30 

36 

9 

682" 


(con. 1 
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Table  B-1 . -- (con. ) 


Montana  forest  region 


Series/habitat  t>T3e/phase    :  N'W   :  WC   :  NC   :  C   :  SW   :  SC   :  SE   :  Total 


Pinus  contorta  series 

/Purshia  tridentata  h.t. 
/Vaccinium  caespitosum  c.t. 
/Linnaea  borealis  c.t. 
/Vaccinium  scoparium  c.t, 
/Calamagrostis  rubescens  c.t 


Unclassified  stands 
Total  number  of  plots 


, 

, 

, 

, 

, 

3 

. 

3 

, 

4 

1 

2 

5 

, 

, 

12 

1 

4 

, 

2 

6 

4 

. 

17 

1 

6 

, 

5 

6 

2 

, 

20 

,   , 

, 

, 

1 

4 

1 

, 

6 

2 

14 

1 

10 

21 

10 

58 

11 

8 

3 

12 

3 

6 

• 

43 

399 

459 

66 

217 

188 

178 

24 

*1,531 

1 


This  total  includes  35  Pinus  contorta   community  type  plots  also 
listed  under  Pseudotsuga^   Pioeaj    or  Abies   lasioaarpa   habitat  types. 
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APPENDIX  C 


National  Forests,  Indian  Reservations,  and 
National  Parks  within  each  forest  region  in  Montana 
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National  Forests  (fig.  C-1),  Indian  RcscM-vat  ions ,  and  National  Pai-ks 
within  each  forest  region.   (N.F.  =  National  I'orest ;  R.I).  =  Ranjici-  I'istrict): 


Forest  region 
Northwestern 


West-central 


North-central 


Central 


Southwestern 


South-central 


Southeastern 


Northeastern 


Areas  included 

Flathead  N.F'. 
Kootenai  N.F'. 
Lolo  N.F.  (Tlioiiiiison  I'alls,  Plains, 

Superior,  and  W.  and  N.  ]iorti(>ns  of 

Ninemile  R.D. 's) 
Flathead  Indian  Reservation 
Glacier  National  Park  (W.  slo])c) 

Bitterroot  N.F.  (Montana  ])ortion) 
Deerlodge  N.l'.  (Phil  ipshurg  R.D..  W. 

portion  of  Deer  Lodge  R.D.) 
Helena  N.F.  (Blackfoot  Rivei"  drainage 

portion ) 
Lolo  N.F'.  (Missoula,  Secley  Lake,  and 

S.F.  portion  of  Ninemile  R.D.) 

Lewis  and  Clark  N.F.  (Rocky  Mountain 

Front  portion) 
Blackfeet  Indian  Reservation 
Glacier  National  Park  (F.  slo])cl 

Helena  N.F.  (except  Blackfoot  R.  drainage) 
Lewis  and  Clark  N.F.  (except  Rocky  Mt . 

Front  and  Crazy  Mts.) 
Fort  Belknap  (S.  portion)  and  Rocky  Boy 

Indian  Reservation 
Chas.  M.  Russell  National  Wildlife  Refuge 

(W.  portion) 

Beaverhead  N.F. 

Deerlodge  N.F.  (cxcei)t  Phil  ipslnirg  and  W. 
portion  of  Deer  Lodge  R.D.'s) 

Custer  N.F.  (Red  Lodge  R.D.) 

Gallatin  N.F'. 

Lewis  and  Clark  N.F.  (('razy  Mts.  ]iortion) 

Crow  Indian  Reservation   (Pryor  and  Bighorn 

Mts.  portion) 
Yellowstone  National  Park  (Montana  poi'tion) 

Custer  N.F.  (Montana  portion  exce]it  Red 

Lodge  R.D.) 
Crow  (except  Pryor  and  Bighorn  Mts.)  and 

Northern  Cheyenne  Indian  Reservation 

Fort  Belknap  (N.  portion)  and  I'ort  Peck 

Indian  Reservation 
Chas.  M.  Russell  National  IVihllife  Refui'.e 

(F.  i)ortion) 
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RESEARCH  SUMMARY 


Prescribed  burning  is  an  inexpensive  management  tool  which  can  be  used 
for  converting  pinyon-juniper  woodlands  to  brush-grassland  communities 
that  benefit  wildlife  and  livestock  grazing.  One  of  the  difficulties  ofprescribed 
burning  is  predicting  whether  or  not  conditions  are  right  for  a  successful 
burn.  In  this  study,  30  prescribed  burns  were  attempted  out  of  fire  season 
from  fall  1974  to  fall  1976.  These  attempts  were  made  during  varied  atmos- 
pheric conditions  and  in  several  pinyon-juniper  communities,  but  only  12  of 
the  30  attempts  were  successful.  An  analysis  of  the  burns  showed  that  the 
success  of  a  burn  could  be  predicted  accurately  (89  percent)  by  adding  together 
the  maximum  windspeed  in  miles  per  hour,  the  air  temperature  in  degrees 
Fahrenheit,  and  the  percentage  of  vegetation  cover  (windspeed  [mi/h]  +  air 
temperature  ['  F]  +  vegetation  cover  [percent]  -  scoi*e).  If  the  score  thus  ob- 
tained was  less  than  110,  the  fii'e  would  not  burn;  if  it  was  greater  than  130 
it  was  too  hazardous  to  light.  Scores  between  110  ana  125  produced  fires 
which  needed  continual  retorching,  and  scores  between  126  ana  130  pro- 
duced fires  that  carried  by  themselves  and  created  clean  burns.  Fires  were 
most  successful  in  dispersed,  scattered  and  dense  pinvon-juniper  stands, 
less  successful  in  open  and  closed  stands.  The  best  ignition  technique  was  to 
have  two  people  walk  perpendicular  to  the  wind  along  the  windward  edge  of  the 
area  to  be  burned  headfiring  and  ignite  trees  using  smudge  pot  lighters. 
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INTRODUCTION 


Pinyon  pine  (Pinus  monophylla)    and  juniper  (Juniperus  osteosperma)    occupy  approxi - 
litely  M  percent  of  Nevada  (Blackburn  and  Tueller  1970).   Invasion  of  pinyon- juniper 
!3ssibly  due  to  past  overgrazing  and  fire  suppression  often  results  in  the  elimination  of 
iderstory  vegetation.   This  in  turn  decreases  forage  for  livestock  and  wildlife.   Pre- 
;ribed  burning  is  an  inexpensive  method  of  converting  small  portions  of  pinyon-juniper 
getation  to  brush-grassland  communities  that  benefit  both  wildlife  and  livestock  graz- 
-ig  (Aro  1971). 

Most  of  the  woodlands  in  Nevada  have  a  large  degree  of  nonuniformity  due  to  the 
|bruptly  changing  topography,  soil  depth,  aspect,  and  elevation.   This  nonuniformity 
rovides  many  natural  firebreaks  in  most  pinyon-juniper  stands  and  makes  it  easy  to 
slineate  areas  for  prescribed  burning. 

This  report  provides  burning  guidelines  for  using  prescribed  fire  as  a  management 
Dol  in  pinyon-juniper  communities.   The  various  pinyon-juniper  communities  have  been 
egregated  and  recommendations  are  made  as  to  which  communities  are  most  responsive  to 
ire.   From  1974  to  1976,  30  attempts  were  made  to  burn  pinyon-juniper  vegetation  in 
he  spring  and  fall.   Twelve  of  these  attempts  were  successful  in  that  the  fire  carried 
eyond  the  ignition  area  through  the  vegetation  leaving  few  if  any  unburned  areas  or 
slands.   The  best  ignition  methods  were  determined,  and  a  simple  method  for  determining 
urning  success  prior  to  ignition  was  developed  from  analyses  of  these  burns. 


METHODS 


Burning  attempts  were  made  out  of  fire  season  at  three  locations:   White  River  in 
jhe  Wliite  Pine  District  and  Cherry  Springs  in  the  Lamoille  District  of  the  Humboldt 
(ational  Forest;  and  Blackwell  Canyon  in  the  Bridgeport  District  of  the  Toiyabe  Nationn 
'orest  (fig.  1).   The  majority  of  attempts  and  all  the  successful  burns  were  in  tlic 
^ite  River  area. 
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Figure  1. — Areas  of  expevimenta 
huvning  attempts  from  fall 
1974   to  fall   1976. 


Ignition 


Three  tools  for  igniting  trees  were  compared- -conventional  drip  torches,  flame- 
throwers, and  the  orchard  heater  lighter.   The  latter,  also  called  the  smudge  pot  light- 
er, was  found  to  be  the  ideal  tool  (Bruner  1977)  because  its  long  spout  gives  a  good 
pouring  balance  and  provides  some  distance  between  the  user  and  the  flame.   It  emits  a 
heavy  stream  of  fuel  which,  when  mixed  50-50  (50  percent  gasoline  and  50  percent  diesel 
oil),  remains  burning  on  the  bark  or  needles  for  10  to  20  seconds.   To  ignite  a  tree, 
pour  a  heavy  stream  of  burning  fuel  up  and  down  the  trunk  from  the  ground  up  to  5  or 
6  feet.   The  dead  needles  on  the  ground  and  any  shrubs  under  the  tree  should  be  ignited 
while  backing  out  from  under  the  canopy  on  the  windward  side.   By  directly  lighting 
several  trees,  the  ambient  temperature  of  the  area  increases  rapidly  and  understory 
plants  are  ignited.   It  is  this  initial  torch  of  several  trees  producing  a  flame  length 
of  20  to  30  feet  that  is  necessary  to  develop  a  fire  which  will  carry  and  create  a  clean 
burn  (fig.  2).   Heat  and  flame  are  not  generated  fast  enough  if  only  the  shrubs  are  lit, 
especially  those  in  the  tree  interspaces.   Two  safety  precautions  of  the  tool  are:  gaso- 
line must  be  well  mixed  with  diesel  oil  and  the  antiflashback  screen  must  be  present  in 
the  spout. 


Several  techniques  have  been  tried  in  igniting  pinyon- juniper  stands.   The  best 
method  is  to  have  two  people  walk  perpendicular  to  the  wind  along  the  windward  edge  of 
the  area  to  be  burned  (headfiring) .   The  lead  person  can  either  leave  unlit  holes  for 
the  following  person  to  light,  or  the  two  people  can  leap  frog  past  one  another. 
Either  way,  this  has  been  the  easiest  and  the  most  efficient  way  to  start  pinyon- juniper 
fires. 
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Figure  2.— A  dense  pinyon-Juniper  community  after  a  a  Lean  Diavi.      CcnditLons   the  day  of 

this  bum  added  to  the  simple  score  of  126. 


Evaluation  of  Fire  Success 


The  degree  of  success  of  each  burn  varied  considerably  in  the  50  burning  attempts 
(table  1).   Objective  rating  of  burn  success  is  difficult  in  these  highly  volatile 
pinyon- juniper  vegetation  ty]3es;  the  consumption  of  fuel  by  tlie  fire  seems  to  be  the 
same  whether  the  fire  carries  well  or  whether  only  the  immediate  ignition  area  burns. 
For  this  reason,  the  success  rating  falls  into  three  simple  categories:  (1)  after  the 
ignition  area  is  lit,  the  fire  carries  by  itself,  burning  the  area  clean,  witli  only 
some  retorching  necessary;  (2)  the  ignition  area  needs  to  be  continually  lit  during  tlie 
entire  burn  period  and  some  unburned  islands  occur;  (S)  the  fire  does  not  carry  beyond 
the  ignition  area. 


RESULTS 


Pinyon-Juniper  Communities 


When  discussing  prescribed  fire  it  is  important  to  categorize  the  various  pinx'oii- 
juniper  communities.   Blackburn  and  Tueller  (1970)  describe  five  general  communities 
of  pinyon- juniper  and  give  a  species  cover  percentage  for  eacli  named  communit}'.   By 
adding  a  range  of  percent  tree  cover  to  those  named  communities,  tlie  following  divisions 
were  made:   0-2  percent  open,  2-9  percent  dispersed,  9-23  percent  scattered,  25-.1S  per- 
cent dense,  and  35+  percent  closed. 


Table  l.-Swmiary  of  atmospheric  conditions,    soil  and  plant  moisture,   and  burning  suc- 
cess for  30  burning  attempts  in  the  White  River,   Cherry  Springs,   and  Blaakaell 
Canyon  study  areas  from  1974   to  1976 


Burn 
date 


Location 


Time 


Burning  conditions 


Tempera- : Relative :  Wind:   Soil    :  Plant 
ture   :humidity : speed :moisture^ :moisture^ 


Burn 
success"* 


Area 
burned 


17  Nov 

18  Nov 
24  Apr 

2  May 

3  May 
9  May 

16  May 

28  May 

29  May 
12  Jun 

17  Jun 
24  Jun 

24  Jun 

25  Jun 

26  Jun 
9  Oct 

26  Oct 
15  Nov 

3  May 

10  May 

11  May 
17  May 

27  May 

28  May 
28  May 

22  Jun 

23  Jun 
9  Nov 

10  Nov 
9  nee 


74  White  River 

74  IVhite   River 

75  White  River 
75  White  River 
75  White  River 
75  White  River 
75  White  River 
75  Cherry  Spgs 
75  Cherry  Spgs 
75  White  River 
75  Cherry  Spgs 
75  Cherry  Spgs 
75  Cherry  Spgs 
75  Cherry  Spgs 
75  Cherry  Spgs 
75  White  River 
75  Cherry  Spgs 

75  White  River 

76  Blackwell 

Canyon 
76  White  River 
76  White  River 
76  White  River 
76  IVhite  River 
76  Cherry  Spgs 
76  Cherry  Spgs 
76  White  River 
76  White  River 
76  White  River 
76  White  River 
76  White  River 


1315 
1230 
1400 
1445 
1100 
1510 
1030 
1430 
1300 
1400 
1200 
1215 
1430 
1145 
1500 
1300 
1100 
1400 

1300 
1720 
1630 
1330 
1515 
1400 
1730 
1600 
1500 
1300 
1430 
1130 


51 
53 
60 
58 
56 
65 
65 
53 
65 
77 
54 
67 
56 
65 
74 
53 
51 
55 

78 
70 
70 
72 
78 
72 
65 
66 
71 
56 
50 
36 


Percent     Mi/h     Veraent       Percent 


50 
48 
48 
50 
49 
54 
54 
47 
49 
49 
49 
48 
48 
38 
35 


42 
53 
53 


46 
46 
49 

49 
49 


26 

0-10 

-- 

27 

8-12 

-- 

26 

5-25 

13 

20 

0-  8 

12 

26 

0-10 

12 

16 

2-  8 

12 

14 

0-  5 

12 

32 

3-10 

13 

20 

0-10 

13 

8 

0-12 

9 

90 

0-  5 

10 

5 

10-35 

8 

35 

0-  5 

8 

26 

0-  8 

8 

16 

0-  6 

8 

18 

0-10 

9 

40 

5-20 

17 

12 

0-  7 

3 

7 

0-  8 

_. 

17 

0-  8 

11 

23 

0-10 

11 

19 

0-12 

-- 

17 

3-15 

6 

19 

2-12 

5 

9 

5-20 

5 

20 

6-18 

2 

12 

4-15 

2 

28 

0-  8 

7 

40 

0 

7 

52 

2-10 

11 

Acres 


19 
3 


60 


25 

45 

6 


Time  at  ignition. 


^Sample  0-4  inches  deep. 
^Percent  of  green  weight  pinyon. 
""O  =  too  hazardous  to  light;  1  = 
assistance;   5  =  would  not  burn. 


fire  carried,  clean  burn; 


fire  needed  lighting 


Three  of  these  five  communities  are  unsuitable  for  prescribed  burning.   The  open 
and  dispersed  communities  (fig.  3)  are  excluded  because  of  the  small  degree  of  influ- 
ence the  trees  have  on  the  understory  vegetation  of  these  communities.   The  closed 
Stands  (fig.  4)  are  excluded  because  of  the  difficulty  in  burning  them  out  of  fire 
season.  Closed  communities  have  few  understory  shrubs;  consequently,  hazardous  condi- 
tions capable  of  producing  a  crown  fire  are  necessary  before  these  communities  will 
burn  successfully.   Ten  attempts  to  burn  closed  stands  in  this  study  were  unsuccessful. 
One  attempt  (table  1,  24  June  75,  12:15)  was  made  during  hazardous  conditions  but  still 
failed  to  carry  the  fire.   Because  of  the  hazards,  closed  stands  should  be  pretreated 
by  chaining,  windrowing,  or  other  means  before  attempting  to  burn  them. 

Two  communities  remain  on  which  burning  might  best  be  concentrated--scattered  and 
dense  (fig.  5).   Blackburn  and  Tueller  (1970)  state  that  the  scattered  community  appears 
to  be  the  point  in  the  invasion  pattern  where  pinyon  and  juniper  start  to  exert  their 
influence  and  begin  to  dominate  the  understory  species.   This  causes  a  sharp  reduction 
in  the  vigor  and  frequency  of  the  understory.   Pinyon  and  juniper  in  dense  communities 
exert  even  more  influence,  dominating  the  understory  to  an  even  greater  extent. 


Figure   <?. — Open  pinyon- 
juniper  aommunities   (top) 
and  dispersed  pinyon- 
'  juniper  aommunities 
I  (bottom)   are  not  reoom- 
'    mended  for  burning  because 
•     trees  are  too  sparse  to 
\     have  much  influence  on  the 
understory  vegetation. 
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Figure  4. — Closed  pi-nyon- 
juniper  aommunities  are 
extremely  difficult  to 
hum  out  of  fire  season. 
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Figure  5. — Saattered  pinyon- 
juniper  oommunity    (top)  and 
dense  pinyon-juniper  commu- 
nity  (bottom).     Many  suc- 
oessful  bums  occurred  in 
these  vegetation  types. 
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Prediction  of  Fire  Success 


There  are  many  variable  conditions  at  the  time  of  each  burn  (table  1).   Many  of 
the  atmospheric  conditions  compensate  for  each  other;  a  low  value  of  one  can  be  offset 
by  a  high  value  of  another.   When  maximum  windspeed,  air  temperature,  and  percent  vege-- 
tation  cover  are  added  together,  this  composite  score  becomes  a  good  indicator  of  burn 
ing  success  in  the  scattered  and  dense  pinyon-juniper  communities  (table  2) .   The  score; 


Table  2  .--Composite  saore  and  bum  ratings  during  1974-76  bums  at  IrJhite  River  and 

Blaakwell  Canyon,    Nevada 


Burn  date 


Windspeed 


Tempera- 
ture 


Vegetation 
cover 


Score^ 


S  imp 1 e  : 

Discriminant 

score   : 

analysis 

:  Actual 

rating^ : 

rating^ 

:  rating 

Mi/h  °F 

No  burn  prediction  (score  <110] 


9  Dec  76 
10  Nov  76 


10 
0 


35 
50 


Percent 


49 
51 


Continual  retorching  necessary  (score  110-125) 


15  Nov  75 
9  Oct  75 

16  May  75 
10  May  76 

2  May  75 

3  May  75 


7 

10 

5 


10 


55 
53 
65 
70 
58 
56 


56 
56 
50 
43 
56 
56 


Clean  bum  prediction  (score  126-130) 


9  Nov  76 
17  May  76 
27  May  76 
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Hazardous  burning  conditions  (score  >130) 
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127 
128 
129 
130 


131 
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^+1 
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Score  is  derived  by  using  the  following  formula:   maximum  windspeed  (mi/h)  + 
temperature  (°F)  +  percent  vegetation  cover  =  score. 

3  =  no  burn  (score  <110);  2  =  continual  retorching  necessary  (score  110-125); 
1  =  clean  burn,  fire  carries  (score  126-130);  0  =  too  hazardous  to  burn  (score  >130). 
^From  Klecka  (1975) . 

This  burn  made  one  short  run  outside  of  the  intended  boundaries.   It  was  felt 
that  we  were  very  close  to  or  into  the  hazardous  conditions  for  burning. 

^The  USPS  Class  I  Fire  Boss  would  not  allow  ignition  this  date,  so  no  comparative 
or  actual  ratings  were  made. 


is  derived  by  simply  adding  maximum  windspeed  in  miles  per  hour,  air  tcmiieraturc  in 
degrees  Fahrenheit,  and  vegetation  cover  in  percent  (wind  mi/h  +  °I"  +  percent  veg. 
cover  =  score).   If  metric  measurements  are  used  the  formula  is  0.6  (km/li)  +  1.8  (°C) 
+  percent  veg.  cover  +  32  =  score. 

Considering  the  three  fire  class  ratings  of  1 ,  2,    and  5  (table  2),  a  score  of  less 
than  110  will  not  provide  conditions  necessary  for  burning  (class  3).   A  score  of  110 
to  125  indicates  conditions  prevail  for  a  class  2  fire.   A  score  of  125  to  150  indicates 
conditions  are  optimum  for  a  class  1  or  self-sustaining  fire  that  will  carry  itself 


^'%^ 


Figure  6. — A  class   1   or  self-sustaining  five  capable  of  carrying   through   the   vegetation. 

May  9,    1975,    hui-n  at  Vfiiite  River,    'Nevada. 


(fig.  6).   A  score  higher  than  13'0  indicates  a  hazardous  condition  in  the  scattered  and 
dense  pinyon- juniper  communities  when  burning  should  not  be  attempted. 

When  these  simple  scores  were  compared  on  17  burns  (table  2),  15  of  the  17  (88  jicr- 
cent)  were  correctly  classified.   A  discriminant  analysis  (Klecka  1975)  was  used  to  con- 
struct a  weighted  score  of  the  variables--wind,  temperature,  and  cover--to  separate  the 
burns  into  three  classes.   This  more  sophisticated  method  correctly  classified  82  jicrcent 
of  the  burns.   With  more  observations,  these  results  would  change;  however,  tlie  simple 
score  method  compares  very  favorably  with  the  discriminant  analysis. 

This  simple  scoring  applies  to  the  cooler  months  of  April,  May,  October,  and  Novem- 
ber, or  anytime  when  air  temperatures  are  below  75 °F  and  windspeeds  are  above  5  mi/h. 
Total  vegetation  cover  varied  from  42  to  66  percent  on  all  siiccessful  burns  (talilc  2). 
Forb  and  grass  cover  was  minimal  in  all  areas. 

There  appears  to  be  a  narrow  separation  between  conditions  necessary  for  prescribetl 
burning  which  will  adequately  carry  a  fire  and  those  of  a  wildfire  wliich  develoii  concern 


toward  suppression.   The  score  of  130  appears  to  be  close  to  this  separation  point, 
those  burning  attempts  made  during  the  project,  conditions  above  131  were  not  tested 
no  fires  became  dangerous  or  burned  excessive  acreages  beyond  the  expected  limits. 

It  is  certain  there  are  numerous  and  more  complex  variables  involved  in  fire  spr 
potential;  however,  this  simple  score  seems  to  work  as  a  general  rule  of  thumb  and  it  i 
provides  a  guide  for  the  land  manager. 


CONCLUSION 


Land  managers  wanting  to  do  out-of-fire-season  burning  are  sometimes  reluctant  be« 
cause  they  are  not  sure  of  the  conditions  needed  to  carry  a  fire.  Many  times,  a  day  i 
spent  in  preparation  and  travel  to  the  proposed  burn  site  only  to  find  that  conditionsj 
are  not  adequate  to  carry  a  fire.  A  simple  rule  of  thumb  would  aid  in  this  burn  or  noo 
burn  decision.  The  managers  needs  to  know  only  the  sum  of  the  maximum  windspeed  in 
miles  per  hour,  the  air  temperature  in  degrees  Fahrenheit,  and  the  percent  vegetative 
cover  (mi/h  +  °F  +  percent  veg.  cover  =  score)  to  predict  if  his  fire  will  be  successfH 

A  score  of  less  than  110  will  not  provide  conditions  necessary  for  burning.   A 
score  of  110  to  125  indicates  conditions  prevail  for  burning;  however,  the  area  will 
need  to  be  continually  reignited  during  the  entire  burn  period  and  unburned  islands 
will  occur.   A  score  of  125  to  130  is  optimum.   After  the  ignition  area  is  lit,  the 
fire  will  carry  by  itself  burning  the  area  clean,  with  only  some  reignition  necessary. 
A  score  above  130  indicates  a  hazardous  condition  in  the  scattered  and  dense  pinyon- 
juniper  communities  when  burning  should  not  be  attempted. 

If  the  percent  cover  of  vegetation  is  measured  prior  to  burning  and  the  desired 
wind  direction  is  known  for  ignition  points,  the  manager  can  predict  his  chances  for  ai| 
successful  burn  from  the  daily  weather  forecasts. 
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RESEARCH  SUMMARY 


Shrubs  of  the  sunflower  family  are  among  the  most  common  and 
important  plants  of  the  Intermountain  area.     In  many  valley,  f(jf)lhill, 
and  mountain  locations,  composite  shrubs,  especially  the  sagibrushes 
and  rabbitbrushes,  provide  the  principal  vegetation.     These  shrubs 
are  invaluable  as  ground  cover  on  natural  and  disturbed  landscapes, 
as  forage  for  wild  and  domestic  herbivores,  and  as  habitat  for  smaller 
creatures.     The  authors  discuss  and  review  vegetative,  floral,  and 
reproductive  characteristics,  hybridization,  distribution  and  habitat, 
use,  and  division  into  subspecies  entries  for  important  Intermountain 
species.     The  following  genera  are  covered:  Artemisia,   Chrysothamnus, 
Tetradymia,  and  Xanthocephalum  (Artemisia  arbuscula,   A.  bigelovii, 
A_.    cana,  A^.  filifolia,  A_.  frigida,  A_.   longiloba,   A_.  nova,   A_.  pygmaea, 
A.   rigida,  A.   rothrockii,  A_.   spinescens,   A_.  tridentata,   A.  triparlila, 
Chrysothamnus  albidus ,   C_.  depressus ,   C_.    greeni,    C_.   linifolius,   C_. 
nauseosus,   C_.  parryi,   C.   vaseyi,   C_.  viscidiflorus,  Tetradymia  can- 
escens,   T.  glabrata,  T.  nuttallii,  T.  spinosa,  Xanthocephalum  micro- 
cephala,  and  X.   sarothrae).    Hybridization  experiments  and  the 
possibility  of  plant  improvement  are  discussed  for  section  Trident alae 
of  Artemisia.     A  key  to  the  taxa  discussed  is  provided. 
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INTRODUCTION 


The  sunflower  family  is  the  largest  family  of  flowerLiig  plants.   Its  man\'  species 
ccur  around  the  world  (Benson  1957;  Cronquist  1968).   The  family  is  well  defined  hut 
iverse.   Wagentiz  (1976)  stated,  "The  range  of  variabil  it\'"  of  the  sunflower  family 
in  life  form  and  other  vegetative  characters  is  .  .  .  impressive  if  we  remember  the 
family's)  numerous  annual  herbs,  herbaceous  perennials,  shrubs,  and  trees."   It  con- 
ains  many  beautiful,  popular  garden  flowers,  a  large  number  of  weeds,  numerous  useful 
ildland  forbs,  and  some  woody  genera,  including  important  browse  species. 

Four  genera  of  this  family,  sagebrush  (Artemisia),    rabbitbrush  {Chivjsothanmus)  , 
orsebrush  {Tetradymia]    and  matchweed  [Xanthoaephjliwi]  ,    are  among  the  most  common  and 
mportant  shrubs  on  western  ranges.   Approximately  11  percent  (2,.S14,()(10  hectares  or 
,700  square  miles)  of  Utah  is  dominated  by  various  species  of  sagebrusii.   These  s[iecics 
reduce  the  liighest  volume  of  forage  of  the  various  shrublands  within  the  State  (West 
974).   Approximately  109,400,000  hectares  (422,000  square  miles)  in  the  Western  States 
ave  sagebrush  in  varying  amounts  growing  on  them  (Beetle  1960).   iiorsebrusli,  matchweed, 
nd  rabbitbrush,  particularly  rubber  rabbitbrush  (C.    nauseosus]    and  low  rabbitbrush 
C.    viscidif torus ) ,    are  commonly  associated  with  sagebrush  throughout  the  western 
nited  States. 

Shrubs  of  these  genera  provide  critically  needed  ground  cover  on  arid  western 
anges,  are  important  sources  of  browse  for  domestic  livestock  and  big  game,  and  serve 
s  cover  and  forage  for  wildlife.   Various  forms  of  sagebrush  and  rabbitbrush  may  also 
e  used  for  landscaping  and  for  stabilizing  and  beautifying  disturbed  landscapes, 
oung  wildings  of  both  sagebrush  and  rabbitbrush  transplant  easily.   Usually  within 
to  7  years  they  are  established  sufficiently  to  reproduce  naturally  from  seed.   Both 
stablish  well  when  aerially  seeded  (Plummer  and  others  1968;  McArthur  and  others  1974; 
lummer  1977) . 

The  purpose  of  this  paper  is  to  document  what  is  known  about  shrubs  of  the  sun- 
lower  family  in  the  Intermountain  area,  particularly  their  vegetative  and  flowering 
haracteristics,  hybridization,  distribution,  and  use.   Most  of  the  observational  in- 
ormation  and  experimental  data  were  gathered  from  the  Intermountain  area,  csjiccialiy 
rom  Utah.   The  Intermountain  area  includes  all  of  Utah,  that  portion  of  Arizona  north 
f  the  Grand  Canyon,  most  of  Nevada,  parts  of  California  that  lie  within  the  ('reat 
asin,  the  sagebrush  areas  of  southeastern  Oregon,  southern  Idaho  to  the  high  mountain- 
us  areas  to  the  north,  and  the  Red  Desert  area  of  southwestern  Wyoming  (Holmgren  and 
eveal  1966).   However,  reference  to  and  comments  on  species  distribution  and  cliaracter- 
stics  outside  this  area  are  made  as  appropriate. 

Hach  species,  its  hybridization,  distribution  and  habitat,  and  use  are  described 
n  detail.   Hach  genus  and  its  si:iecies  and  subspecies  included  in  this  publication  are 
rranged  in  alphabetical  order.   A  taxonomic  key  (appendix)  is  given  for  the  included 
enera,  species,  and  subspecies.   This  paper  is  the  third  in  a  series  on  Intermountain 
hrub  species;  the  first  was  on  the  F^ose  family  and  the  second  was  on  the  (Tienopod 
amily  (Blauer  and  others  1975,  1976). 


METHODS 


Many  accessions  of  Compositae  genera  have  been  transplanted  into  the  uniform  garde?; 
at  the  Snow  Field  Station  in  Ephraim,  Utah  (fig.  1),  and  at  various  other  study  and 
research  areas.   Observations  and  data  collection  on  these  plants  and  on  plants  occur- 
ring in  many  natural  populations  throughout  the  Intermountain  area  have  provided  the 
basis  for  this  report.   Much  of  the  data  collection  has  been  for  preparation  of  pub- 
lished and  yet  to  be  published  reports  (Plummer  and  others  1968;  Hanks  and  others  1973, 
1975;  Plummer  1977;  Mc Arthur  and  Pope  1977;  Mc Arthur  and  Plummer  1978;  McArthur  and    ' 
others  1978;  McArthur  1979).   Observations  and  collections  were  made  so  the  floral 
and  vegetative  characteristics  of  the  shrubs  as  well  as  their  use,  distribution,  and 
habitat  could  be  described  and  illustrated.   Herbarium  voucher  specimens  representing 
many  of  these  populations  have  been  deposited  in  the  Shrub  Sciences  Laboratory  Herbariui 
(SSLP) .   Photographic  illustrations  are  from  plants  in  natural  settings  and  at  experi-  ' 
mental  planting  sites.   Drawings  of  herbarium  specimens  are  of  plants  from  natural      ' 
populations  or  from  plants  transplanted  from  natural  populations  onto  the  Snow  Field 
Station.   The  latter  are  identified  by  culture  numbers  of  the  "U"  series.  J 

Literature  pertaining  to  the  Compositae  genera  we  treat  was  surveyed  and  is  cited  j 
throughout  the  paper.   Existing  keys  and  monographs  were  consulted  in  the  preparation  \ 

of  our  key.  • 

In  cases  where  the  seeds  per  gram  information  was  unknown,  seeds  were  collected    j 
from  3  to  10  accessions.   A  minimum  of  3  cleaned  lots  of  100  seeds  each  were  counted 
and  weighed  on  an  analytical  balance  for  each  accession.   The  seeds-per-gram  informatioio' 
was  then  extrapolated.  j 

Hybridization  experiments  were  first  conducted  in  1972  using  hot  water  and  chemicala 
treatments  in  an  attempt  to  induce  male  sterility  in  Artemisia   and  Chrysothamnus . 
Treatments  were  at  different  stages  of  phenological  development,  from  early  bud  to 
just  prior  to  anthesis.   Hot  water  treatments  following  Hayes  and  others  (1955)  were 
from  40°  C  to  50°  C  for  2  to  10  minutes.   The  chemical  treatment  used  was  spraying 
Amchem's  Ethrel  (2-Chloroethylphosphonic  acid)  at  concentrations  of  100  to  12,000  parts- 
per  million  on  the  inflorescences  following  Rowell  and  Miller  (1971). 


Figure  1. — Mature  plants 
of  composite  accessions 
transplanted  as  wild- 
ings at  Snow  Field 
Station.       (A)    Chryso- 
thamnus  nauseosus  ssp. 
salicifolius  (mountain 
rubber  rabbitbrush) . 
(B)    Artemisia  rothrockii 
(timberline  sagebrush) . 


Because  neither  the  hot  water  nor  the  chemical  treatments  proved  effective,  subse- 
quent efforts  on  section  Tridentatae   of  Artemisia   were  in  tlie  form  of  mass  pollination 
in  white  bakery  bags  or  white,  woven  Terylene  fabric  bags  (fig.  2^.   fOther  types  of 
pollination  bags  trapped  excessive  heat  and  humidity  that  caused  excessive  damage  or 
death  of  enclosed  plant  tissue.)   Four  treatments  were  made:  fl)  a  control  where  the 
bags  were  placed  over  some  inflorescences  and  not  opened  ag;iin  until  the  pollination 
season  was  over;  (2)  an  intrapopulation  treatment  where  an  inflorescence  containing 
pollen  was  inserted  into  the  bag  from  another  plant  from  the  same  accession;  f3)  an 
interpopulat ion  treatment  where  pollen  from  another  taxon  was  inserted  into  tlie  bag-- 
two  of  these  were  made  on  each  plant;  and  (4)  an  open  pollination  where  no  bag  was 
placed  on  the  inflorescence  but  it  was  marked  with  a  string  so  an  equivalent  seed 
source  could  be  collected. 

After  pollen  was  inserted,  all  bags  were  shaken  to  facilitate  pollination.   This 
practice  was  continued  every  2  or  3  days  for  about  10  days.   About  3  or  4  weeks  after 
pollinations,  the  bags  were  opened.   The  plants  were  monitored  until  seeds  were  ripe 
and  about  to  shatter,  at  which  time  the  seeds  were  collected.   Seeds  were  cleaned  in  a 
forced-air  seed  scparat'^r.   They  were  then  counted  in  petri  dishes  with  centimeter 
squares  m.arl.ed  y.\   tlie  I'Ottcm.   Exact  counts  were  made  'hen  no  more  than  100  seeds  were 
produced.   Hi'ihcr  numbers  ' s)   to  5,000)  were  estimated  ^y  randomly  distributing  the 
seed  in  the  petri  dishes,  counting  a  kno\m  area  of  tke  Jish,  and  extrapolating.   To 
test  differences  in  pollination  treatments,  an  anal\'sis  of  variance  followed  by  a 
multiple-range  test  was  eiij-.ic  yed  fWoolf  1968). 

CHARACTERISTICS  OF  THE  GENUS  ARTEM/SM  (SAGEBRUSH) 

Artemisia  is  a  large  genus  of  approximately  200  species  that  occurs  primarily  in 
dry  areas  in  the  temperate  regions  of  North  America,  North  Africa,  and  Eurasia. 
Artemisia  is  most  common  in  arid,  steppe  areas.  Its  extension  south  of  the  temperate 
zone  usually  is  confined  to  mountainous  habitats.  Many  of  the  species,  especially  in 
the  western  United  States,  are  called  sage  or  sagebrush.  Old  World  names  such  as 
wormwood  or  mugwort  have  also  been  applied  in  the  United  States  fCrieve  1931;  Sampson 
and  Jesperson  1963;  Bailey  Hortorium  Staff  1976). 


Figure  2. — Hybridization 
experiments  with  big 
sagebrush  at   the  Snow 
Field  Station.      The 
pollination  bags  are 
of  woven  Terylene 
fabric  with  observa- 
tion windows  of 
clear  plastic. 


The  genus  consists  of  annual,  biennial,  and  perennial  herbs;  subshrubs  and  shrub ti 
of  various  sizes  ranging  from  less  than  2  dm  up  to  4.5  m.   These  plants  contain  volat  j 
oils.  All  are  aromatic,  some  strongly  so;  most  emit  a  pronounced  characteristic  "sagK 
smell  when  the  herbage  is  crushed.   The  glabrous  to  tomentose  leaves  are  borne  alter- 
nately.  Leaves  are  entire  to  variously  lobed  or  dissected. 

Sagebrush  flowers  are  very  small  and  are  borne  in  numerous  small  heads  commonly 
arranged  into  panicles  or  sometimes  racemes  or  spikelike  inflorescences  but  never  inti' 
cymes  (see  figure  5,  page  7).   Each  head  has  a  cuplike  involucre  made  up  of  2  to  4 
series  of  dry,  papery,  closely  overlapping  bracts.   Depending  on  the  species,  the  heailj 
contain  either  both  ray  and  disc  flowers  or  only  disc  flowers  (fig.  3).   The  ray  flow  ■' 
ers,  when  present,  are  pistillate  and  fertile  and  have  2-cleft,  more  or  less  exserted 
styles.  The  disc  flowers  are  perfect  and  fertile  or  sometimes  sterile  and  each  has  a 
tubular  to  trumpet -shaped  corolla  with  5  stamens  united  by  their  anthers  around  the 
normally  2-cleft  style.   The  ovary  develops  into  a  glabrous  or  resinous-granuliferous 
achene.   Pappus  is  lacking  in  the  vast  majority  of  the  species.   Although  basic  chrom( 
some  numbers  of  x  =  6,  7,  8,  and  9  are  known,  a:  =  9  is  the  most  common  base  number 
(Ward  1953;  Kawatani  and  Ohno  1964;  Wiens  and  Richter  1966).   Polyploidy  is  common  in  ; 
the  genus. 

Natural  hybridization  among  various  taxa  of  western  sagebrush  seems  to  be  wide- 
spread and  common  (Beetle  1960;  Hanks  and  others  1973).   Beetle  (1960)  believes  sever; 
species  and  subspecies  have  originated  through  hybridization  and  subsequent  polyploid; 

A  number  of  Artemisia   species  and  their  subspecies  are  valuable  browse  plants,  e: 
pecially  on  winter  and  early  spring  ranges.   These  include  A.    tvidentatay   A.    nova,   A. 
avhuscula,   A.    aana_y   A.    spinescens,   A.    frigida,   A.    filifolia,   A.    longiloba,   A.    bigelov.- 
and  A.    rothrockii.      These  and  others  are  also  useful  for  controlling  soil  erosion. 
Artemisia     species  are  also  browse  plants  of  considerable  importance  in  steppes  of 
Eurasia  and  North  Africa  (Polyakov  1961) .   Larin  (1956)  stated  "representatives  of 
Artemisia   have  the  greatest  fodder  importance  of  all  the  Compositae  ....  They  clea' 
dominate  the  desert  (of  the  U.S.S.R.)  both  in  their  quantity  in  the  vegetative  cover 
and  in  their  fodder  importance."  Artemisia   is  essential  in  the  maintenance  of  sage 
grouse  populations  (Braun  and  others  1977)  as  well  as  populations  of  other  birds  and 
small  animals.  Members  of  the  herbaceous  Artemisia  ludoviciana   complex  are  particular 
good  for  soil  stabilization  (Monsen  1975) . 

Some  species  {A.   mexiaana,   A.    absinthivuriy   A.    cina)    have  long  bee  used  medicinal]; 
mainly  as  a  remedy  for  roundworms  and  are  thus  commonly  known  as  wormwood.   Other 


Figure  2. — A  ray  flower 
and  two  disc  flowers 

(left)   from  an   Artemis t 
bigelovii  flower  head 

(12X). 


species  are  used  for  flavoring.   llopi  Indians  flavor  sweet  corn  by  roasting  Icav 
1.  fr-igida   along  with  the  corn  (Kearney  and  Peebles  1960).   In  liurope,  A.    abshit 
md  A.    barrelieri    are  used  in  preparation  of  the  alcoholic  bevera.ues,  atisinthe 
md  Algerian  absinthe,  respectively.   Vermouth  derives  from  a  (U^rmaTi  appclation 
v'ormwood.   Tarragon  [A.    dracunculus)    is  used  to  flavor  viiiegai-  and  as  seasoning,. 
,'ery  foliage,  interesting  leaf  patterns,  and  pleasant  odor  make  several  species 
iS  ornamentals.   One  of  the  most  attractive  ornamental  shrulis  is  the  ("alifornia 
1,  pijcnocephala.      An  Old  World  introduction,  A.    stelleviana,    is  tlie  "Husty  Mi  lie 
)ur  gardens.   Oldman  wormwood  [A.    abpotanimi)    has  had  long  usage  as  an  ornamental 
shrub  (Sampson  and  .lesperson  1963).   More  recently,  A.    caH'^nc;iL^<'i   has  been  intmd 
;his  country  and  is  finding  use  as  an  attractive  prostrate  liorder  plant. 


es   o 

f 

hiw'i 

for 

Si 

I- 

popu 

lar 

nat  i  xc , 

y"    o 

f 

heil 

ge 

uced 

to 

Classically,  Artemisia   has  been  taxonomical ly  divided  into  four  sections  or  sul)- 
jenera  {Abrotanum,   Absinthium^    Dracunculus,    and  Seriphiilimn]  .      These  sections  are 
recognized  primarily  on  the  basis  of  flower  characterist ics--absence  or  presence  and 
rertility  or  infertility  of  disc  and  ray  flowers  (see  McArthur  and  Plummer  1978;  and 
•IcArthur  1979  for  review).   We  prefer  to  recognize  the  four  sections:  Artemisia, 
Traounculus,    Seriphidiwn,    and  Tridentatae    (table  1).   In  this  scheme,  Abrotaymni   and 
Xbsinthiwn   are  combined  to  form  Artemisia    (Polyakov  1961).   This  union  seems  natural 
because  the  original  separation  was  based  only  on  tlic  difference  in  hairiness  of  the 
Floral  receptacle.  Tridentatae   was  recognized  as  lacing  se]xarate  from  r.criphirlimn   on 
:he  basis  of  disjunct  present  and  past  distribution  patterns,  different  basic  karyo- 
:ypes,  and  chemotaxonomic  differences  (McArthur  and  Plummer  1978). 
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DeCandol  le    l.s:^7,    Hooker    ISllI,    McArthur    and    riunmiei     l;i7,S,    McArthur     l'J7<). 
^kydber.j.    lOlo,     Beetle    I'.K.O,     Polyakova     I'ji.l,    \|cArtliur    and    I'lummer    I'.iTS  ,    Mc\rthur     1979. 
'I'he    siiii;le    exception,    A.    bijclooii ,    has    o-_'    pi-.tilLite    T-a>     llowers   on   otherwi-e   di-aoid    head' 
Two   anomalous    American    species    have    been    referred    to    Sri  i  ph  id  i  um :    A.    .■;'.■•;.■/•;■    ot'    south 
A.    i'icnJo:^ntu!    from    Ardent  ma. 
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Figure  4. — Mountain  I 
sagebrush  (Artemis; 
tridentata  ssp.  vai 
growing  in  a  luxuri 
stand  of  smooth  hrc 
(Bromus  inermis)  ir 
Evhraim  canyon,    Utc 
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In  addition  to  terpenoids  and  plienolics,  a  third  class  of  chemicals--the  alkane 
hydrocarbons--was  studied  by  Bachelor  and  others  (1972) .  The  rich  array  of  natural 
chemical  products  in  Artemisia  has  proven  to  be  useful  in  delimiting  taxonomic  bound 
(Hanks  and  others  1973;  Kelsey  and  others  1973;  and  Geissman  and  Irwin  1974).  Althc 
the  physiological  importance  of  many  of  the  natural  chemical  products  is  unknown,  so 
have  been  implicated  in  the  allelopathic  properties  of  Artemisia.  Many  Artemisias  h 
allelopathic  qualities;  under  certain  conditions  they  may  chemically  inhibit  growth 
seedlings  and  established  plants  of  competitive  species,  and  even  growth  of  their  ou 
seedlings.  These  allelopathic  qualities  might  contribute  to  the  dominant  position  c 
sagebrushes  and  wormwoods  in  many  communities.  A.  aalifomioa,  A.  absinthium,  A.  he 
alba,  A.  vulgaris,  A.  tridentata,  and  A.  oana  have  been  shown  to  have  allelopathic  p 
erties  (Schlatterer  and  Tisdale  1969;  Halligan  1975;  Friedman  and  others  1977;  HoffiT 
and  Hazelett  1977;  Weaver  and  Klarich  1977).  Nevertheless,  in  many  instances  Artemi 
are  part  of  communities  rich  in  species  (fig.  4).  So,  the  significance  of  allelopat 
in  Artemisia   communities  remains  in  doubt. 

Tlie  natural  chemical  products  might  account  for  the  differential  palatability  a 
Artemisia   taxa  (Hanks  and  others  1975;  Sheehy  and  Winward  1976;  Scholl  and  others  19 


Artemisia  arbuscula  Nutt.  (low  sagebrush^) 

Low  sagebrush  is  a  low,  spreading,  irregularly  branched  shrub  up  to  5  dm  high  (! 
5a).  The  slender  erect  twigs  are  densely  canescent,  but  may  become  nearly  glabrous  i 
thus  darker  green  in  late  summer.   The  plant  layers  infrequently. 


Also  called  little  sagebrush,  scabland  sagebrush,  dark  sagebrush. 


'i 


gure   5. — Artemisia  species.       (A)    A.    ai-huscula,    Culture   U6,    Salina  Canyon,    Sevier  Co., 
Utah    (l.SXi.      (B)    A.    bigclovii,    Cultui'c   i'lS,    Chinle,    Apaahe   Co.,    Arizona    (7. OX). 
(C)   A.    nova,    Culture   IJ7,    Gunnison,    Sanpete   Co.,    Utah    (I.IX).      (D)   A.    rothrockii, 
Culture  U2,    Olsen's  Bench,    h'asatcii   Plateau,    Canpete   Co.,    Utah    (0.9X). 


Figure  6. — Low  sagebrus'hl   ,, 
TA.  arbusculaj  growim' 
on  the  rooky  flanks   o_', 
Indian  Peak,   Beaver  Ci 
Utah. 
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Leaves  are  broadly  cuneate  or  fan-shaped,  0.5  to  1.5  cm  long,  0.3  to  1  cm  wide  an»v 
are  usually  3  (occasionally  4  to  5)  toothed  or  cleft  at  the  apex.  Leaves  on  the  upperr 
part  of  the  flowering  shoots  may  become  entire. 

Flower  heads  are  grouped  into  elongated,  narrow  racemose  panicles  (fig.  5a).   The: 
heads  usually  contain  from  5  to  11  disc  flowers  with  corollas  3  to  4  mm  long.   The  10 
to  15  involucral  bracts  are  canescent.   Flowering  occurs  from  August  to  September,  de-- 
pending  upon  strain  and  elevation.   Seed  ripens  in  October  and  November.   Cleaned  seedJ 
averages  2,160  per  gram  (980,000  per  pound)  (Deitschman  1974). 

Hybridization. --This   species  has  a  basic  chromosome  number  of  x  =  9.   Both  diploid' 
(2n  -   18)  and  tetraploid  (2n  -   36)  forms  are  known  (Ward  1953;  McArthur  and  Plummer 
1978).   Intermediates  between  low  sagebrush  and  both  A.    tripartita   ssp.  tripartita,   ana 
A.    tridentata   ssp.  tridentata   have  been  reported  by  Beetle  (1960).   Hanks  and  others 
(1973)  found  chromatographic  evidence  of  hybridization  between  low  sagebrush  and  A. 
tridentata   ssp.  vaseyana.      Ward  (1953)  united  both  low  sagebrush  and  black  sagebrush 
{A.   nova)    into  a  single  species  partly  because  he  felt  they  intergrade  into  one  anothe: 

However,  Ward  (1953)  found  that  most  specimens  of  black  sagebrush  he  examined  wer^ 
tetraploid,  whereas  most  specimens  of  low  sagebrush  were  diploid.  This  difference  in 
chromosome  number  could  be  a  barrier  to  free  interbreeding,  because  populations  of  the 
two  species  with  the  same  number  of  chromosomes  are  not  known  to  occur  together.  In 
fact,  the  two  species  rarely  occur  together  (Ward  1953).  On  the  basis  of  field  collec 
tions,  Beetle  (1971)  argued  persuasively  for  separate  species  status  for  the  two  sage- 
brushes . 

A  dwarf  form  of  A.    arhusoula   occurs  in  the  Stanley  Basin  area  of  Idaho,  the 
Jackson  Hole,  Wyoming  area,  and  perhaps  in  other  locations.   Beetle  (1959,  1960)  named 
this  form  A.    arbuscula   ssp.  thermopola- -hot s^prings   sagebrush.   Beetle  speculated  that 
this  form  arose  as  the  result  of  hybridization  between  typical  A.    arbuscula   and  A. 
tripartita . 

distribution  and  habitat .- -Lo\<   sagebrush  grows  on  dry,  sterile,  rocky,  often  alkali 
line  soils  betweeen  700  and  3,500  meters  (2,300  and  11,500  feet)  approximately  10,135,(( 
hectares  (39,112  square  miles)  in  11  western  States  (Beetle  1960;  Ward  1953)  (fig.  6). 
In  the  warmer,  drier  parts  of  its  range,  particularly  in  Nevada,  it  may  grow  well  into 
the  mountains  above  3,000  meters  (9,800  feet).   In  some  areas,  for  example,  east  centrfl 
Idaho,  low  sagebrush  occurs  on  disjunct  low  and  high  elevation  bands  (E.  F.  Schlatterei 
letter  12/1/77) . 


Figure   7. — Bigelow  sage- 
brush   (A.    bigeloviiJ 
growing  at  the  Snow 
Field  Station.      The 
ruler  is  30  am  lonq. 


r,  4 


\   ' 


~4^ 


f^^^- 


* 


Li 


Low  sagebrush  ranges  from  southern  Colorado  to  western  Montana  and  west  throughout 
Utah  and  Idaho  to  northern  California,  Oregon,  and  Washington.   Type  locality  is  listed 
as  "arid  plains  of  Lewis  (Snake)  River"  (Beetle  19601.   Normal 1\'  its  sites  are  drier 
and  more  rocky  than  those  on  which  big  sagebrush  occurs.   Low  sagebrush  and  black  sage- 
brush rarely  occur  in  intermixed  stands,  for  example,  the  Lost  River- Lemhi  Range  area 
of  Idaho  (E.  F.  Schlatterer,  letter  12/1/771.   In  areas  where  tlie  distribution  of  these 
two  species  overlaps,  low  sagebrush  is  usually  found  in  the  more  moist  habitats  or  at 
slightly  higher  elevations  than  black  sagebrush  (Ward  19531. 

Use. --On   winter  ranges  and  to  a  limited  extent  on  summer  ranges,  low  sagebrusli  is 
browsed  by  big  game  and  livestock.   There  is  considerable  variation  in  how  animals 
browse  it  in  different  locations.   In  Nevada,  the  gray-green  form  may  be  heavily  browsed 
while  the  green  form  is  only  lightly  browsed  ( Brunner  1972).   Sage  grouse  also  appar- 
ently prefer  the  lighter  form  to  the  darker  one.   Similarly,  black  sagebrush  also  has 
two  color  morphs,  with  the  light  (gray-green)  one  preferred  l5\-  browsing  animals. 

Artemisia  bigelovii  Gray.  (Bigelow  sagebrush) 


Bigelow  sagebrush  is  a  low  shrub  2  to  4  dm  high  with  numerous  spreading  bi-aiiches. 
The  flowering  stems  are  slender  and  erect  and  bear  inflorescences  that  arc  long,  narrow 
panicles  with  short,  recurved  branches  (figs.  5b,  7).      New  growth  is  covered  with  a 
silvery-canescent  pubescence. 

The  leaves  of  vegetative  branches  are  similar  to  those  of  big  sagebrush,   'i'lic)-  are 

narrowly  cuneate,  1  to  2  cm  long,  2  to  5  mm  wide,  and  normally  tridentatc,  l)ut  ma>'  sliow 

various  abnormal  tips.   The  odor  of  crushed  leaves  is  mild  like  that  of  mountain  big 
sagebrush  [A.    tridentata   ssp.  vaseyana) . 

The  heads  are  arranged  into  elongated,  narrow  panicles  and  normally  contain  1  but 
occasionally  0  to  2  ray  flowers  and  1  to  3,  usually  2,  disc  flowers  (fig.  3).   The  tur- 
binate involucre  consists  of  8  to  12  short,  densely  tomentose  bracts  2  to  l  mm  long  and 
r.5  to  2.5  mm  broad.   Flowering  occurs  from  August  to  October.   Cleaned  seed  averages 
5,975  per  gram  (2,710,000  per  pound). 

Bigelow  sagebrush  closely  resembles  and  is  often  mistaken  for  low  forms  ot  big 
sagebrush  produced  by  overgrazing  and  burning.   In  contrast  to  big  sagelirush,  howe\'er, 
it  has  ray  flowers.   Furthermore,  lobes  of  A.    bigelovii' s   vegetative  leaves  arc  always 
more  shallow  and  more  sharply  dentate  than  those  of  big  sagebrush. 


Figure  8. — Bigelow  sage-    j 
brush   (A.    bigeloviij 
growing  with  fourwing 
saltbush   TAtriplex 
canescensj  in  a  grav- 
elly draw  near  BioknelV^ 
Wayne  Co.,    Utah.  %\ 
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A.    bigelovii   is  normally  free  of  insect  galls  and  rust  diseases  that  arc  common  in! 
the  other  taxa  of  the  section  Tridentatc.e    (Beetle  1960)  . 

Hybridisation. --This   species  has  a  basic  chromosome  number  of  ^  =  9.   Both  diploic 
[2n   =  18]  and  tetraploid  {2n   =  36)  forms  are  known  (Ward  1953;  McArthur  and  Plummer 
1978). 

Bigelow  sagebrush  and  basin  big  sagebrush  are  often  found  growing  together  but  an^ 
not  known  to  cross  or  intergrade.  ' 

Distribution  and  habitat . --Bigelovi   sagebrush  has  a  more  southerly  distribution  thcii 
other  sagebrushes.   It  is  one  of  the  most  drought-resistant  sagebrushes.   It  occurs  ov([: 
approximately  8,810,000  hectares  (34,010  square  miles)  through  western  Texas,  southern 
Colorado,  New  Mexico,  Arizona,  Utah,  Nevada,  and  California  in  canyons,  gravelly  draws 
and  dry  flats  from  900  to  2,400  meters  (3,000  to  7,900  feet)  (Ward  1953;  Beetle  1960; 
Kearney  and  Peebles  1960)  (fig.  8).   The  Bigelow  sagebrush  type  locality  is  recorded 
as  "rocks  and  canyons  on  the  Upper  Canadian,  Texas"  (Beetle  1960). 

This  species  is  often  found  mixed  with  big  sagebrush,  black  sagebrush,  leafless 
green  rabbitbrush  {Chrysothamnus  nauseosus   ssp.  junceus) ,    shadscale  {Atriplex  aonferti- 
folia),   and  especially  matchbrush  {Xanthooephalum   [Gutierresia]    sarothrae)    (Hall  and 
Clements  1923) . 


6'se. --Bigelow  sagebrush  is  palatable  to  livestock  and  game  in  all  areas  where  it 
occurs.  Its  twigs  are  less  woody,  its  odor  milder,  and  its  taste  is  less  bitter  than 
most  of  the  big  sagebrush  complex  (Hall  and  Clements  1923). 

Artemisia  cana  Pursh.  (silver  sagebrush^) 

Silver  sagebrush  is  an  erect,  freely  branched,  rounded  shrub  up  to  1.5  meters  tall 
Older  branches  have  dark-brown,  fibrous  bark  while  younger  branches  are  covered  with  a  • 
dense  white  to  yellowish-green  tomentum. 


^Other  common  names  are  white  sagebrush,  hoary  sagebrush,  hoary  silver  sagebrush. 
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'igure  9. — Leaves  of 
silver  sagebrush.      Top, 
A.  cana  ssp.    viscidula; 
bottom.      A.  cana  ssp. 
cana.  The   longer  leaf 
is  4  am  long. 


Leaves  on  the  vegetative  branches  are  1  to  10  mm  wide  and  2   to  S  cm  long,  linear 
;o  linear-oblanceolate,  entire  or  occasionally  with  1  or  2  irregular  teeth  or  lobes, 
;ilver-canescent  becoming  slightly  viscid  with  age  ffigs.  9,  10].   bcaves  on  tlie  flower- 
.ng  stems  are  similar,  but  they  may  be  slightly  smaller,  especially  on  the  upper  ]iarts 
if  the  stems.   The  foliage  emits  a  mild  to  pungent  aromatic  odor  when  crushed. 

Numerous  heads  are  arranged  into  dense,  narrow,  leafy  panicles,  sometimes  reduced 
;o  raceme  or  spikelike  inflorescence  (fig.  10).   F.ach  head  contains  4  to  20  disc  flowers. 
lay  flowers  are  lacking.   Achenes  are  granuliferous.   Blooming  occin-s  during  August  and 
September.   Cleaned  seed  averages  4,900  per  gram  (2,220,000  per  poundl . 

Hybridization .--Silver   sagebrush  occurs  in  both  diploid  (2?;  =  IS)  and  tetraploid 
'2n  =   36)  forms  (Ward  1953).   Putative  natural  hybridization  between  subspecies  of 
1.  aana   {cana   and  viscidula)    and  other  shrubby  species  of  Ax'temisia   have  been  reported 
;Ward  1953;  Beetle  1960;  Hanks  and  others  1973). 

Distribution. -Silver   sagebrush  occurs  over  approximately  13,790,000  hectares 
53,221  square  miles)  from  British  Columbia  to  Saskatchewan,  south  to  Nebraska,  ("olo- 
•ado ,  and  New  Mexico,  and  west  to  Oregon  and  California  on  valleys,  jflains,  foothills, 
md  mountains  up  to  3,050  meters  (10,000  feet)  (Beetle  1960). 

^se. --Silver  sagebrush  is  important  throughout  its  range  as  a  browse  slirub  and  is 
ised  quite  extensively  by  livestock  and  big  game,  particularly  when  other  food  is  scarce, 
n  the  western  Great  Plains  area,  silver  sagebrush  is  an  important  antelo]ic  survival 
'ood .   Like  big  sagebrush,  this  species  has  been  used  by  white  settlers  aiul  Indians  for 
"uel  .   Silver  sagebrush  has  been  used  as  an  ornamental  in  linglaml  (Hall  and  Clements 
923). 


?igure   10. — Mountain 
silver  sagebrush   (A. 
cana  ssp.    viscidula) 
on  Targhee  National 
Forest,    Sublette  Co., 
Wyoming,    showing   leaves 
and  flower  heads. 
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Suhspeaies .--Artemisia  oana   ssp.  oana   (silver  sagebrush]  is  an  erect,  rounded, 
freely  branched  shrub  up  to  1.5  meters  tall.   It  layers  whenever  conditions  are  suitahi;, 
This  subspecies  may  spread  rapidly,  particularly  after  burning,  by  rootsprouting  and  bj 
rhizomes  (Beetle  1960).   Leaves  of  the  vegetative  branches  are  linear-oblanceolate,    , 
entire  or  rarely  with  1  or  2  irregular  teeth  or  lobes,  1  to  10  mm  wide,  2  to  8  cm  long.j 
and  are  densely  silky-canescent  (fig.  9).   Crushed  foliage  emits  a  pungent  turpentine  j 
odor  (Ward  1953;  Beetle  1960).   Flower  heads  are  usually  arranged  into  dense,  leafy  pa  i' 
icles  and  may  contain  from  5  to  20  disc  flowers.   Blooming  occurs  during  September,  an]' 
the  seeds  ripen  during  October  and  November.   Putative  natural  hybrids  between  subspec 
oana   and  both  basin  and  mountain  big  sagebrush  have  been  found  (Ward  1953;  Beetle  1960 
Subspecies  cana   has  a  more  eastern  distribution  than  subspecies  visaidula.       It  occurs 
from  southern  Canada  southward,  but  mostly  east  of  the  Continental  Divide,  through 
Montana,  the  Dakotas,  Wyoming,  western  Nebraska,  and  northern  Colorado.   Its  type     j 
locality  is  "on  the  bluffs,  Missouri  River"  (Beetle  1960). 

Artemisia  oana  ssp.  visaidula  (mountain  silver  sagebrush)  is  an  erect  shrub  that  j 
readily  layers.  It  usually  is  not  more  than  1  meter  tall.  Leaves  on  the  vegetative  f; 
branches  are  1  to  5  mm  wide,  up  to  7  cm  long  (fig.  9),  and  are  often  crowded  in  dark-  ] 
green  clusters.  The  leaves  typically  are  simple  and  entire  but  occasionally  are 
variously  toothed  or  lobed.  This  subspecies  varies  in  appearance,  but  is  always  darke 
green  than  mountain  big  sagebrush  with  which  it  is  often  growing  (Beetle  1960) .  Moun-- 
tain  silver  sagebrush  is  distinguished  from  subspecies  oana  by  its  smaller,  darker  greel 
leaves,  its  lower  stature,  and  more  western  distribution.  Flower  heads  are  arranged  | 
into  dense,  short  raceme  or  spikelike  inflorescences  1  to  3  cm  long.  Each  head  contaiil 
from  4  to  15  disc  flowers.  Flowers  bloom  during  August  and  September.  Seed  matures  \ 
during  October  and  November.  Putative  natural  hybrids  involving  this  subspecies  and  A-) 
tripartita  ssp.  tripartita,  A.  tridentata  ssp.  vaseyana,  and  A.  tridentata  ssp.  tridew\\ 
tata  have  been  found  (Beetle  1960;  Hanks  and  others  1973).  Beetle  (1960)  believes  j 
Artemisia  argilosa  may  have  arisen  from  a  cross  between  A.  oana  ssp.  visoidula  and  A.  \ 
longiloba,  and  that  A.  tridentata  ssp.  vaseyana  f.  spioiformis  may  have  developed  fromi; 
a  cross  between  A.  oana  ssp.  visoidula  and  A.  tridentata  ssp.  vaseyana.  Mountain  silvi 
sagebrush  occurs  in  mountainous  regions  around  2,100  meters  (6,900  feet)  and  above.  | 
It  is  usually  found  along  streamsides  and  in  areas  of  heavy,  lingering  snowpack  from  i 
the  southwest  corner  of  Montana,  south  along  the  Continental  Divide  to  New  Mexico,  andi^ 
west  to  Arizona,  Nevada,  Utah,  and  Idaho.  Mountain  silver  sagebrush  type  locality  is  ; 
Routt  County,  Colorado  (Beetle  1960).  A  similar  subspecies,  A.  oana  ssp.  bolanderi  • 
(Bolander  silver  sagebrush),  occurs  in  extreme  western  Nevada  and  in  California  and  ; 
Oregon.  It  is  more  canescent  than  ssp.  visoidula  and  grows  on  poorer  drained,  usually i 
more  alkaline  soils  than  does  visoidula    (Beetle  1960).  i 

\ 

Artemisia  filifolia  Torr.  (sand  or  oldman  sagebrush)  i 

Sand  sagebrush  is  a  round,  freely  branching  shrub  up  to  1.5  meters  tall  (fig.  11)  \ 
Young  branches  are  covered  with  a  canescent  pubescence  while  the  older  stems  are  covert^ 
by  a  dark-gray  or  blackish  bark. 

The  filiform  silvery-white  canescent  leaves  are  3  to  8  cm  long,  less  than  0.5  mm 
wide,  entire  or  ternatelv  divided  into  filiform  divisions,  and  are  often  fascicled 
(fig.  12a). 

Numerous,  nodding  heads  containing  2  or  3  fertile,  pistillate  ray  flowers  and  1  t( 
6  perfect  but  sterile  disc  flowers  are  arranged  into  leafy,  narrow  panicles.   Each  heac 
is  subtended  by  5  to  9  canescent  involucral  bracts.   Both  the  receptacle  and  achenes  an 
glabrous.   Flowers  bloom  during  August  and  September.   Seed  ripens  from  October  to  De- 
cember.  Cleaned  seed  averages  6,910  per  gram  (3,135,000  per  pound). 

Hybridization. --Sand   sagebrush  lias  a  chromosome  number  of  2n  =    18  (McArthur  and 
Pope  1977).   It  is  a  distinctive  taxon  that  is  not  known  to  hybridize  with  other 
Artemisias.      Ecotypic  selection  and  subsetiuent  hybridization  and  development  might  be 
possible.   Hall  and  Clements  (1923)  suggested  that  birdfoot  sagebrush  {A.   pedatifida) 
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Figure   11. — Sand  sage- 
brush   (A.    filifoliaj 
growing  near  Mocaasin, 
Mohave  Co.,   Arizona. 


s  the  closest  ally  to  sand  sagebrush.   Birdfoot  sagebrush  is  a  low  perennial  subshrub 
ith  limited  distribution  on  dry  plateaus  and  ridges  in  Wyoming  and  Idaho,  and  jwssibly 
n  Montana.   In  gross  morphology,  sand  sagebrush  and  birdfoot  sagebrush  little  resemble 
ne  another,  but  their  floral  characteristics  are  quite  similar.   Their  distributions 
0  not  presently  overlap  and  no  intermediates  between  the  two  have  been  found. 

distribution  and  habitat. -Sand   sagebrush  is  an  excellent  indicator  of  sand  and  is 

irobably  the  most  widespread  shrub  on  sand  dunes  and  sandhills  from  Nebraska  to  Arizona 

Hall  and  Clements  1923).   It  occurs  from  Nevada  and  Utah  east  to  Wyoming  and  western 

lebraska  and  south  to  Texas,  Arizona,  and  Chihuahua,  Mexico. 

Use . --The   browse  value  of  sand  sagebrush  depends  on  where  it  grows.   It  is  seldom 

aten  in  grasslands  where  other  food  is  adequate,  but  in  more  arid,  desert  regions,  it 

s  often  heavily  used  (Hall  and  Clements  1923).   This  species  helps  prevent  wind  erosion 
ly  helping  to  stabilize  light  sandy  soils. 

Artemisia  frigida  Willd.  (fringed  sagebrush^) 

Fringed  sagebrush  is  a  fragrant,  aromatic,  mat -forming  perennial  subslirul)  2   to  S 
m  tall  (fig.  13),  the  lower  woody  stems  are  spreading  and  often  much  tn-anched.   Advcn- 
itious  rooting  is  common  when  stems  contact  the  soil.   The  u]i])cr  herbaceous  steins  are 
rect  and  leafy.   The  whole  plant  is  densely  si Ivery-cancscent . 

The  numerous  small  silky-canescent  leaves  are  6  to  12  mm  long,  and  are  2  or  3  times 
'innately  divided. 

This  species  has  a  deeji  perennial  taproot  with  numerous  extensive  laterals  that 
lelp  it  withstand  drought.   This  root  system  is  also  useful  in  st.abilizing  g.ullies  and 
ireventing  soil  erosion. 

Numerous  small  flower  heads  are  borne  in  nodding  racemes  or  open  panicles  (fig. 
2b).   Small,  densely  hairy  involucral  bracts  occur  in  several  series  around  cacli  flower 
lead.   Each  head  contains  10  to  17  outer,  seed-producing,  pistillate,  ray  flowers  ami 
lumerous  (25  to  50)  tubular-funnel  form,  perfect,  seed-jiroduc  ing  disc  flowei-s.   I  lower 
•eceptacles  are  densely  villous. 


^Also  called  estafiata,  prairie  sagewort  ,  fringed  wormwood,  jiastiire  sagebrush 
irctic  sagebrush,  mountain  sagebrush,  wild  sagebrush,  and  worm  sagel)ni;-li . 
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Figure   12. — Artemisia  species.       (A)   A.  filifolia,  Culture   U?,    Kanab,    Kane  Co.,    Utah 
(0.8X).      (B)   A.  frigida,  Culture   U8,    Soldier  Summit,    Wasatch  Co.,    Utah   (I.IX).      (C 
A.  spinesccns,  McArthur  215,    Perron,    Emery  Co.,    Utah    (0.9X).      (D)   A.  tripartita  ss 
tripartita,  Culture  Ul,    Blue  Lake,    Humboldt  Co.,    Nevada   (l.OX). 


itl 
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gure  13. — Fringed  sagebrush. 
fA.  frigidaj  growing  at  Blaak 
Mesa,    Gunnison  Co.,    Colo. 


Fringed  sagebrush  blooms  from  July  at  high  elevations  to  N'ovember  at  lower  eleva- 
ons.   Seed  matures  between  September  and  December.   Cleaned  seed  averages  8,545  per 
am  (5,875,000  per  pound). 

Hybridization . --Fringed   sagebrush  is  knowi  only  as  a  diploid,  2n   =    18  (Mulligan 
d  Cody  1972;  McArthur  and  Pope  1977)  .   Numerous  ecot)'pes  of  A.    frigida   are  knovv-n  over 
5  broad  range.   It  is  not  known  to  hybridize  with  other  Artemisias. 

Distribution  and  Jvjbitat .--¥ ringed   sagebrush  is  probably  the  most  widely  distrib- 
ed  and  abundant  species  of  Artemisia.       its  range  extends  from  Mexico  northward  through 
St  of  the  western  United  States  and  western  Canada  into  Alaska  and  Siberia  fllSDA  For- 
t  Service  1957) . 

Fringed  sagebrush  is  a  common  plant  of  the  high  plains  along  the  eastern  slope  of 
e  Rocky  Mountains,  but  also  occurs  in  valleys  and  mountains.   It  is  most  abundant  in 
e  eastern  and  northern  parts  of  its  range.   This  species  ranges  from  low,  semidesert 
lleys  to  more  than  5,550  meters  (11,000  feet)  elevation  throughout  the  Rocky  Mountain 
d  Intermountain  regions. 

Fringed  sagebrush  inhabits  a  wide  variety  of  sites.   Most  ty]:)ically,  it  grows  in 
11  sunlight  in  dry,  coarse,  shallow  soils.   On  winter  ranges  in  western  Utah  and 
stern  Nevada,  fringed  sagebrush  may  occur  in  dense  stands  along  shallow  depressions 
at  collect  moisture  from  summer  rains.   In  such  areas,  it  is  frccjuently  associated 
th  winterfat  (Ceratoides   lanata) ,    shadscale,  and  rabbitbrushes  (Chrusotharmus   spp.). 
plains,  foothills,  and  mountain  slopes,  this  species  may  he  associated  with  a  variety 
grasses  and  forbs  as  well  as  with  various  shrubs  such  as  t)ig  sagetirush,  Bigclow  sage- 
ush,  sand  sagebrush,  and  especially  in  overgrazed  areas,  witli  broom  snakeweed.   It  is 
common  understory  plant  in  ponderosa  pine  (Pinus  ponderosa)    in  several  western  States. 
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Use . --The  forage  value  of  fringed  sagebrush  varies  considerably  with  location  am 
season.  Its  value  as  browse  is  highest  in  late  fall,  winter,  and  early  spring  on  wes" 
ern  ranges  where  it  is  eaten  readily  by  big  game  and  livestock  (USDA  Forest  Service 
1937).  It  is  also  important  food  for  sage  grouse  (Wallestad  and  others  1975).  In  otl 
areas,  such  as  the  grasslands  of  the  Northwest  and  Great  Plains,  fringed  sagebrush  ma; 
be  less  palatable  and  occasionally  invades  deteriorated  grasslands.  However,  on  the 
Great  Plains,  fringed  sagebrush  is  an  important  winter  antelope  food,  and  is  used  to  i 
lesser  extent  the  year  round  (E.  F.  Schlatter,  letter  12/1/77). 

This  species  has  strong  reproductive  qualities  and  is  a  good  pioneer  shrub  for 
stabilizing  disturbed  areas.   It  has  excellent  reproduction  from  seed,  and  young  plani: 
or  segments  of  old  plants  are  readily  transplanted  in  early  spring.   Fringed  sagebrusl 
has  some  value  as  a  medicinal  plant  (Hall  and  Clements  1923). 

Artemisia  longiloba  (Osterhout)  Beetle  (alkali  sagebrush)  . 

I 

Alkali  sagebrush  is  a  low  shrub  up  to  4.5  dm  tall.   It  has  lax,  spreading  stems 
that  frequently  layer.   The  bark  is  dark  brown  to  black  on  the  older  stems.   The  whole 
plant  has  a  dark  gray-green  appearance  (Beetle  1960) . 

Leaves  on  the  vegetative  stems  are  broadly  cuneate,  up  to  2  cm  long,  and  are  deepi| 
3-lobed.   Leaves  of  the  flowering  stems  are  similar  but  smaller  on  the  upper  part  of 
the  plants.   Crushed  foliage  emits  a  pungent  odor  similar  to  that  of  camphor,  in  the 
spring,  and  to  hydraulic  fluid  in  the  fall  (Brunner  1972). 

This  species  is  readily  distinguished  from  other  low  sagebrushes  by  its  large 
heads  and  early  blooming  period  (Beetle  1959)  (fig.  14).   Its  heads  contain  6  to  11 
disc  flowers  and  are  3  to  5  mm  broad  as  opposed  to  3  mm  or  less  for  other  low  sages. 
Alkali  sagebrush  blooms  approximately  a  month  earlier  than  other  low  sagebrushes.   It 
flowers  during  mid-June  to  mid-July  and  its  seed  ripens  in  August.   Cleaned  seed  aver- 
ages 5,850  per  gram  (2,655,000  per  pound). 

Hybridization. --The   chromosome  number  of  A.    longiloba   is  2n  =  18  (McArthur  and 
Pope,  data  on  file  at  the  Shrub  Sciences  Laboratory,  Provo,  Utah).   Natural  hybrids  ar ; 
not  known,  probably  because  this  species  flowers  earlier  than  associated  sagebrushes. 

Beetle  (1960)  points  out  that  this  species  has  in  the  past  been  confused  with 
A.    oana   because  of  its  large  heads;  with  A.    tvidentata   because  of  its  broadly  cuneate, 
3-lobed  leaves;  and  with  A.    arbusaula   because  of  its  dwarf  size. 


Figure   14. — Alkali  sage^ 
brush   (A.  longiloba) 
growing  at  Wahsatah 
Station^   Summit  Co., 
Utah.      Note  the   large 
flower  heads. 
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'igure   15. — Fenaeline 
contrast  whiah  illus- 
trates sheep  browsing 
on  alkali  sagebrush 
(K.    longilobaj  in  Echo 
Canyon,    Summit  Co., 
Utah. 


Distribution  and  habitat . --Unlike   other  sagebrushes,  alkali  sagebrush  character- 
stically  grows  in  heavy,  highly  impermeable  soils  derived  from  highly  alkaline  shales, 
lit  also  it  is  frequently  found  on  the  lighter,  limy  soils.   It  occurs  between  1,800 
nd  2,450  meters  in  elevation  (5,900  to  8,000  feet)  over  1,325,000  hectares  (5,120 
quare  miles)  along  the  foothills  of  the  ranges  forming  the  Continental  Divide  from 
outhwestern  Montana,  south  through  Wyoming  to  northwestern  Colorado,  and  scattered 
estward  to  Utah,  Nevada,  Idaho,  and  Oregon  (Beetle  1960) . 

^se. --Beetle  (1960)  reports  that  alkali  sagebrush  ranges  are  often  used  for  lamb- 
ng  grounds.   We  have  found  this  shrub  heavily  grazed  in  Echo  Canyon,  Utah,  and  around 
vanston,  Wyoming  (fig.  15).   In  this  area  A.    longiloba   is  referred  to  as  "sweet  sage." 
runner  (1972)  reported  this  species  is  not  heavily  used  by  browsing  animals  or  sage 
rouse  in  Nevada. 

Alkali  sagebrush  may  be  useful  in  rehabilitating  basic  mine  spoils  like  those 
reduced  from  oil  shale  works.   We  have  observed  it  invading  road  cuts  in  Ixho  Canyon, 
tah,  and  borrow  pits  near  Kemmerer,  Wyoming. 

Artemisia  nova  Nelson  (black  sagebrush) 

Black  sagebrush  is  a  small,  spreading,  aromatic  shrub  1.5  to  4.5  dm  tall  with  a 
ull  grayish-tomentose  vestiture  that  causes  most  populations  to  appear  darker  than 
ig  sagebrush  and  low  sagebrush  (fig.  16).  However,  some  forms  may  be  as  light  in 
olor  as  A.  tridentata  or  A.  arbuscula  (Beetle  1960).  Numerous  erect  branches  arise 
rom  a  spreading  base,  but  this  shrub  had  not  been  observed  to  layer  or  stump  sjirout 
Beetle  1960) .  However,  we  noted  some  layering  of  black  sagel^rush  on  a  roadcut  near 
olob  Reservoir,  Washington  Co.,  Utah. 

Typical  leaves  are  evergreen,  cuneate,  viscid  from  a  glandular  pubescence,  O.S   to 
cm  long,  2  to  8  mm  wide,  and  3-toothed  at  the  apex  (fig.  5c).   The  u])permost  leaves, 
articularly  on  the  flowering  sten.s,  may  be  entire. 

Flower  heads  are  grouped  into  tall,  narrow,  spikelike  panicles  that  extend  above 
he  herbage  (figs.  5c,  16,  17).   The  inflorescence  stalks  are  red-brown  and  persistent, 
he  heads  usually  contain  from  3  to  5  disc  flowers  with  corollas  1.8  to  3  mm  long. 
he  8  to  12  involucral  bracts  arc  greenish-yellow  and  nearly  glabrous. 
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Figure   16. — Four-year-ol 
transplants  of  black 
sagebrush   (A.   nova J ^ 
left,   and  basin  big 
sagebrush   (k.    tridenta 
ssp.    tridentatajj  righ 
Specimens  growing  at  a 
adaptation  plot  near 
Ephraim,    Sanpete  Co., 
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The  principal  difference  between  black  sagebrush  and  low  sagebrush  is  that  low 
sagebrush  has  5  to  11  flowers  per  head,  10  to  15  canescent  involucral  bracts,  and  is 
light  in  color.   Black  sagebrush  has  fewer  flowers  per  head  (3  to  5) ,  8  to  12  glabrou 
involucral  bracts,  and  is  usually  darker  in  color.   Also,  the  flower  stalks  of  black 
sagebrush  are  denser,  much  darker,  and  more  persistent  than  those  of  low  sagebrush 
(Ward  1953)  . 

Black  sagebrush  flowers  from  August  to  mid-September,  and  seeds  mature  in  Octobe 
and  November.   Cleaned  seed  averages  2,000  per  gram  (907,000  per  pound)  (Plummer  and 
others  1968) . 

Insect  galls  are  numerous  on  this  species,  but  rust  diseases  are  less  common 
(Beetle  1960) . 


Hybridization. --Both   diploid  (2n  =  18)  and  tetraploid  (i 


36)  forms  of  black 


sagebrush  have  been  found  (Ward  1953;  McArthur  and  Plummer  1978).  Beetle  (1960)  has  '' 
found  evidence  of  A.  nova  hybridizing  with  A.  bigelovii,  A.  tridentata  ssp.  tridentati'\ 
and  A.  tridentata  ssp.  vaseyana.  Crossing  between  black  sagebrush  and  basin  big  sage  ' 
brush  is  fairly  common  wherever  they  occur  together.   The  cross  with  mountain  big     : 
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Figure   17. — Black  sage- \ 
brush   (A.  novaj  groin n 
in  shallow,    stony  so't'i 
at  Clay  Hills  Mesa, 
San  Juan  Co. ,    Utah. 


sagebrush  is  much  less  common  and  occurs  only  at  scattered  locations.   I'his  is  as  ex- 
pected because  black  sagebrush  is  commonly  associated  witii  l)asin  big  sagebrush  but  only 
occasionally  with  mountain  big  sagebrush. 

Although  black  sagebrush  is  treated  in  this  paper  as  a  separate  species,  as  was 
done  by  Beetle  (I960],  some  authorities  consider  bo'-h  black  and  low  sagebrush  to  he 
subspecies  of  big  sagebrush  (Hall  and  Clements  1925;  Havis  195J;  Harrington  1951), 
while  Ward  (1953)  considers  black  sagebrush  to  be  a  subspecies  of  A.    arhuscula.      The 
indication  that  both  black  sagebrush  and  low  sagebrush  can  apparently  hybridize  with  big 
sagebrush  indicates  a  close  affinity  of  these  members  of  section  Trndentatae . 

Distribution  and  habitat .  ~ -Mack   sagebrush  covers  approximate! >■  11  ,  220,  ()()()  hectares 
(43,301  square  miles)  in  the  11  western  States  (Beetle  19()())  .   It  is  most  abundant  at 
elevations  from  1,500  to  2,400  meters  (4,900  to  7,900  feet)  and  normal 1\-  grows  on 
drier,  more  shallow  stony  soil  than  basin  or  mountain  big  sagebrush  (fig.  17)  (Beat  ley 
1976).   Type  locality  is  listed  as  "Medicine  Bow,  Carbon  County,  Wyoming"  (Ahrams  and 
Ferris  1960). 

^se. --Black  sagebrush  is  generally  considered  highly  palatable  es]iecially  to  sheeii, 
goats,  antelope,  and  sage  grouse.   It  is  held  in  high  regard  as  browse  for  sheeji,  goats, 
deer,  and  antelope  on  winter  ranges  in  Utah,  Colorado,  and  New  Mexico.   In  some  areas 
it  is  browsed  by  cattle,  but  cattle  show  less  preference  for  it  than  other  animals. 
Palatability  seems  to  vary  with  color.   In  Nevada,  a  gra\'-green  form  is  hcavil\'  gra:,cd; 
whereas,  a  darker  glossy-green  form  is  much  less  gra::ed  (Bruinier  1972).   That  palat- 
ability varies  with  color  forms  has  been  supported  by  some  of  our  work  (Stevens  and 
McArthur  1974). 

Black  sagebrush  is  an  aggressive  natural  spreader  from  seed  and  provides  got)d 
ground  cover  for  stabilizing  soil.   Under  proper  management,  stands  depleted  b\-  lieavy 
grazing  recover  within  less  than  10  years.   Some  large  areas  in  Nevada  formerl}'  occupied 
by  black  sagebrush  have  been  invaded  by  Utah  juniper  (Junij^erus  osteosperma]    and  single 
leaf  pinyon  pine  {Pinus  monophylla) . 

Artemisia  pygemaea  Gray  (pigmy  sagebrush) 

Pigmy  sagebrush  is  a  dwarf,  depressed,  evergreen,  cushionlike  shrub  less  than  2  dm 
tall  (fig.  18).  Bark  on  older  stems  becomes  dark  brown  and  fibrous.  On  \'oung  branches 
the  bark  is  nearly  white  to  straw-colored  and  somewhat  I'uberulent . 


Figure   IS. — Pigmy  sage- 
brush   (A.    pygmaea) 
growing  at  the  Snow 
Field  Station. 
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Figure   29. --Pigmy  sag 
brush   (k.   pygmaeaj 
growing  south  of 
Ouray i    Uintah  Co., 
Utah. 
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Leaves  on  the  vegetative  stems  are  green,  nearl\'  glabrous,  viscidulous,  2  to  4  mm 
wide,  2  to  8  mm  long  and  are  pinnatified  with  5  to  11  lobes,  or  sometimes  may  be  only 
toothed.   Leaves  on  the  flowering  branches  are  usuall)'  reduced  and  ma\-  be  entire. 

Heads  witli  5  to  5  disc  flowers  are  arranged  into  spikelike  inflorescence.   Ray 
flowers  are  lacking.   Twelve  to  18  greenish-yellow  bracts  subtend  each  head.   Achenes 
are  glabrous.   Flowers  bloom  in  August  and  September,  and  seed  matures  in  October. 
Seeds  are  large  for  Artemisia.      Cleaned  seed  average  970  per  gram  (440,000  per  pound). 

HybridiBation. --Both  diploid  (2n  =  IS)  and  tetraploid  (2n  -  36)  forms  of  A.  pygmat 
are  known  (Ward  1955;  McArthur  and  Pope,  data  on  file  at  the  Shrub  Sciences  Laboratoryv,] 
Prove,  Utah) . 

Distribution  and  habitat . --Pigmy  sagebrush  is  limited  to  calcareous  soils  in  dese 
areas  over  approximately  5,000  hectares  (21  square  miles)  from  eastern  Utah  to  western 
Nevada,  and  northern  Arizona  (Ward  1953;  Beetle  1960;  McArthur  and  Plummer  1978)  (fig. 
19).  In  Nevada,  this  species  is  often  associated  with  the  lialophytic  C.  nauseosus  ssp 
consimilis .  Some  fairly  large  stands  occur  with  black  sagebrush  in  Utah.  Its  type 
localit)'  is  Fish  Creek,  near  Eureka,  Nevada. 

yse. --Because  of  its  scarcity  and  small  size,  this  species  lias  little  value  as 
browse.   It  does,  however,  provide  important  ground  cover  in  the  dry,  alkaline  areas 
where  little  else  will  grow.   It  establishes  readil\-  by  transplanting  divided  plants. 
Although  it  spreads  well  from  naturally  dispersed  seed,  artificial  planting  of  seed 
has  not  been  successful. 


Artemisia  rigida  (Nutt.)  Gray  (stiff  or  scabland  sagebrush) 

Stiff  sagebrush  is  a  low,  pungently  aromatic  shrub  with  thick,  rigid,  somewhat 
brittle  brandies  up  to  4  dm  high  (fig.  20).   It  is  not  known  to  rootsprout  or  layer. 
The  deciduous,  silvery-canescent ,  spatulate  leaves  are  mostly  1  to  4  cm  long  and  deepl; 
divided  into  5  to  5  narrowly  linear  lobes.   Occasionally  some  leaves  are  linear  and 
entire  (fig.  21 )  . 

Inflorescence  is  a  leafy  spike  with  heads  sessile  or  in  small  clusters  in  the 
axils  of  their  subtending  leaves,  whicli  generally  are  all  longer  than  the  heads  (fig. 
22a).   The  campanulate  involucre  is  4  to  5  mm  long  with  numerous,  canescent  bracts. 
[.ach  head  consists  of  5  to  16  perfect  disc  flowers.   Flowering  occurs  during  September 
and  October;  seeds  ripen  in  November.   Seeds  number  1,210  per  gram  (550,000  per  pound). 
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Figure  20.--Scabland 
sagebrush    fA.  rigidaj 
growing  at  the  Snow 
Field  Station.      The 
ruler  is  20  cm  long. 
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Hybridization. --^oth   diploid  {2n   -    IS)  and  tctraploid  [2n   -   36)  forms  of  stiff 
sagebrush  are  known  (Ward  1953;  McArthur  and  IMunimer  1978).   This  species  i-esenil)les 
A.    tripartita   somewhat  in  its  small  size,  silver)'  ])ubescence,  and  the  deepl>-,  narroKl)- 
lobed  leaves,  but  may  be  distinguished  by  the  spikclike  inflorescence,  large  leafy 
bracts  that  subtend  the  heads,  and  the  deciduous  leaves. 

Distribution. --St i^i    sagebrush  occurs  in  dry  rock)'  scablands  in  the  t.'olumhia  and 
Snake  River  basins  and  spills  over  into  the  northern  end  of  the  C.reat  P-asin.   it  grows 
at  elevations  from  910  to  1,520  meters  (3,000  to  5,000  feet)  in  Idalio,  central  and 
eastern  Oregon,  and  central  and  eastern  Washington.   It  is  adapted  to  the  rocky  scab- 
lands  of  these  States  and  fills  an  ecological  niche  similar  to  tiiat  of  A.    arbuscula 
in  the  areas  where  it  is  found  (Ward  1953) . 

Although  several  authors  (Hall  and  Clements  1923;  [)avis  1952;  Hitchcock  and 
others  1969)  include  western  Montana  in  the  distribution  of  stiff  sagel-)rush,  neither 
Ward  (1953)  nor  Beetle  (1960)  do.   Wa^d  (1955)  claims  the  report  of  A.    rijida    from 
western  Montana  is  probably  a  result  of  errors  in  identification.   Me  identifies  tlie 
specimens  in  this  area  as  A.    tripartita. 
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Figure  21. — Leaves  and 
branches  of  soabland 
sagebrush   (A.  rigida) . 
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Figure   22. — Artemisia  taxa.  (A)   A.  rigida,  Edgerton  1-75,    LaGrande,    Union  Co.,    Oregon 
(1.47.) .      (B)   A.  tridentata  ssp.    tridentata.  Culture   U77,    Enterprise,    Washington  Co., 
Utah   (0.6X).      (C)   A.  tridentata  ssp.   vaseyana,  MoArthur  697,    Provo,    Utah  Co.,    Utah 
(0.9X).       (D)    A.  tridentata  ssp.    wyomingensiSj  MoArthur  and  Plummer  394,    Big  Piney, 
Sublette  Co.,    Wyoming  (0.9X). 
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Use. — Because  of  its  scant  foliai^c  and  stiff  liranches,  stiff  sagebrush  has  little 
aluc  for  browse,  except  for  sheep  (Hall  and  Clements  1*)J,S).   Ihis  species  provides 
mportant  cover  on  the  poor,  rocky  soils  where  it  i^rows.   It  appears  to  iiave  a  wider 
ange  of  adaptation  than  is  indicated  b\-  its  present  natural  ran,t;e  of  occurrence,  thus 
iving  it  potential  use  in  reclamation  of  disturited  sites. 

Artemisia  rothrockii  Gray  (timberline  sagebrush) 

Timberline  sagebrush  is  a  cons i stent 1\'  low-growing,  evergreen,  flat- topped  shrub 
rom  1  to  8  dm  tall  (fig.  25).   Its  appearance  in  the  fieUl  closely  resembles  some 
orms  of  mountain  big  sagebrush.   Timberline  sagebrush,  however,  has  a  more  pronounced, 
onsistent  tendenc)'  to  la)'er  and  has  thicker,  darker,  more  or  less  viscid  leaves,  which 
ive  the  plant  a  dark  green  color. 

Leaves  on  the  vegetative  branches  are  often  10  mm  broad  and  3  cm  long  (Beetle 
960)  but  range  in  size  from  2  to  51  mm  wide  and  0.5  to  5  cm  long.   The  lower  leaves 
re  mostly  broadly  cuneate  or  fan  shaped  and  5-toothed  or  lolied  (fig.  5d ) .   The  upper 
eaves,  however,  may  be  entire  and  linear  to  lanceolate  or  oblanccolate .   The  foliage 
mits  a  mildly  aromatic  aroma  when  crushed. 

Flower  heads  occur  singl)'  or  occas  itjnal  1_\'  1  to  5,  in  short  interrupted  spike  or 
acemelike  inflorescences.   Each  head  contains  b  to  Hi,    rarel>-  as  man\'  as  20,  disc 
lowers.   Ray  flowers  are  lacking.   The  10  to  14  involucral  bracts  are  often  brown  or 
urplish.   Achenes  are  granul i ferous .   Flowers  bloom  during  August  and  Sejitember.   Seed^ 
ature  during  September  and  October.   Plantings  of  tliis  sage  in  valle>'  lowlands  of  cen- 
ral  Utah  have  bloomed  profusely,  but  none  of  tlic  plants  produced  mature  seed. 

Hybridization. --Artemisia  rothrockii   occurs  in  dijiloid  [2n   =    IS),  tetraploid 
2n   =    5t))  ,  hexaploid  {2n   =    54J,  and  octoploid  { 2n   =  72)  forms  (iVard  1955;  McArthur 
nd  Plummer  1978).   Beetle  (19()0)  suggests  this  species  nia>'  lie  of  h_\lirid  origin  from 
.  cana,    which  it  resembles  in  its  strong  tendenc)'  to  la>er,  large  heads  and  conspic- 
ous  bracts,  and  A.    tridentata,    which  it  resembles  in  leaf  shape,  general  halnt,  and 
abitat.   Our  discovery  fMcArtluir  and  Plumincr  1978)  tliat  at  least  some  Rockv  Mountain 
orms  are  diploid  docs  not  support  Beetle's  hybrid  ancestr>-  contention.   However,  tlie 
iploid  Rocky  Mountain  material  ma>'  be  an  undescribed  taxc-n  ratiier  than  Imna  fide 
.  rothrockii. 


gure  22. --A  row  of 
timberline  sagebrush 
(t\.    rothrockii  J  grow- 
ing at   the  Snow  Field 
Station,    Ephraim, 
Sanpete   Co.,    Utah. 
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Figure  24. — Budsage 
(A.    spinescens)   growii 
near  Sevier  Lakehed, 
Millccrd  Co.,    Utah. 
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Distribution  and  habitat .--Timherline   sagebrush  covers  approximately  27,200  hec- 
tares (103  square  miles)  at  between  2,600  and  3,350  meters  (8,500  and  11,000  feet)  in:.; 
elevation  in  high  mountainous  areas  of  central  Colorado,  western  Wyoming,  and  the 
central  Sierras  of  California  (Beetle  1960).   This  species  is  usually  found  growing  i;i 
deep  soils  along  the  margins  of  forests.   This  species,  or  a  similar  undescribed  formn 
is  also  found  in  other  western  States,  particularly  in  the  high  mountains  of  Utah,  Idd 
and  Nevada.  A.    rothrockii ' s   type  locality  is  the  Monache  Meadows,  2,600  meters  (8,5O0ij 
feet).  Sierra  Nevada  Mountains,  Tulare  County,  California  (Hall  and  Clements  1923; 
Beetle  1960). 

yse. --Timberline  sagebrush  is  a  palatable  sagebrush,  grazed  heavily  by  big  game 
and  livestock.   It  shows  potential  as  low  hedge  for  landscaping. 


Artemisia  spinescens  Eaton  (budsage") 


Budsage  is  a  low,  spinescent,  pungently  aromatic,  rounded  shrub  1  to  5  dm  high 
(fig.  24).   It  is  profusely  branched  from  the  base  and  has  white-tomentose  pubescences 
on  young  twigs  and  leaves.   This  pubescence  is  grayish  and  stiff  on  older  branches. 

Leaves  are  small,  mostly  2  cm  or  less  in  length,  including  the  petiole.   Leaves 
are  3  to  5  palmately  parted,  with  the  divisions  again  divided  into  3  linear-spatulate 
lobes  (fig.  12c).   Leaves  are  crowded  on  the  short  stems,  with  those  near  the  apex 
being  smaller  and  more  entire.   Unlike  most  species  of  Artemisia,    budsage  is  deciduou;i 
with  tlie  leaves  falling  by  midsummer. 

Parly  in  the  spring,  when  budsage  first  shows  signs  of  breaking  dormancy,  but 
before  tlie  buds  elongate,  the  bark  from  the  last  season's  growth  can  easily  be  pulled 
off.   At  this  developmental  stage,  budsage  is  sought  out  by  big  game  and  livestock. 
Sheepmen  refer  to  this  condition  as  "slipping."  As  early  as  February  or  March,  new 
bri  ;^ht -green  leaves  are  produced. 


Also  called  spring  sagebrush  and  bud  sagebrush. 
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Budsatje  is  well  adapted  to  xeric  conditions.   it  lias  an  extensive  root  svstein  that 
grows  prini;irily  in  the  top  15  to  55  cm  of  soil.   Interxyl  ar\'  cori\  is  foi'iiied  annual  !>■ 
over  the  last  year's  wood  in  both  the  roots  and  the  stem.   Tiiis  layer  ot"  cork  restricts 
the  upward  movement  of  water  to  the  very  narrow  zone  of  wood  formed  h_\'  the  current 
year's  growth.   The  corl\\'  tissue  develops  during  early  summer  am.!  thus  helps  to  pi-event 
excessive  water  loss  during  the  dormant  season  [Wood  19(->(').   Man\-  othei-  xericailv  adapt- 
ed wood)'  Artemisias   also  have  interx)'lary  cori\  (Moss  1940). 

Budsage  bears  small  flower  lieads  (5  to  5  mm  long)  in  glomerate  racemes  of  1  to  5 
heads  in  leaf  axils  of  the  flower  branches.   Hach  head  contains  1   to  d  fertile,  pistil- 
late ray  flowers  and  5  to  15  perfect  but  sterile  disc  flowers  witli  abortive  ovaries. 

The  loose  flower  heads  are  held  together  by  long,  matted  hairs  that  cover  the  co- 
rolla and  especially  the  achenes.   The  heads  fall  from  the  plant  intact,  without  bi-eak- 
ing  apart  to  release  tlie  seed.   Seeds  germinate  in  some  instances,  while  still  in  the 
head  (Wood  1966).   Good  seed  production  occurs  infretiuently .   The  flowers  bloom  so  early 
in  tlie  spring  tliat  developing  embryos  frequently  are  frozen.   Abundant  reproduction 
occurs  in  years  of  plentiful  seed  and  favorable  moisture. 

Terminal  and  lateral  buds  of  budsage  generally  expand  and  begin  to  elongate  in 
late  March  and  early  April  during  the  latter  part  of  the  "slipping"  period.   Blooming 
normally  occurs  from  the  last  week  in  /\pril  through  the  last  week  in  Ma}',  although  it 
has  been  found  in  bloom  as  early  as  late  March  and  as  late  as  mid-. June  (Wood  196()). 
Cleaned  seed  averages  4,855  per  gram  (2,200,00(1  per  pound). 

Although  budsage  ordinarily  begins  growth  early  in  the  spring  and  then  t)ecomes 
dormant  by  early  or  midsummer,  it  occasionally  may  l^reak  dormancy  in  respcmse  to  late 
summer  storms.   The  plants  then  remain  green  all  winter  to  provide  succulent  forage 
throughout  the  winter  and  spring. 

As  a  species,  budsage  is  distinguished  by  its  sjUnescent  habit  and  low  var  i  ali  i  I  i  t  \' 
in  involucre  and  floral  characteristics.   The  harsh  environment  in  which  budsage  grows 
has  perhaps  helped  to  stabilize  this  species  so  that  no  variants  have  yet  been  recog- 
nized and  named. 

Hybridization. --Artemisia   spinescens   has  chromosome  numbers  of  2h  =  IS  and  2n   -    5() 
(Powell  and  others  1974;  McArthur  and  Pope  1977).   It  is  not  known  to  h\'bridize  with 
any  other  species.   Its  tetraploid  form  is  thought  to  be  autotet rapio id  (McArthur  and 
Pope,  data  on  file  at  the  Shrub  Sciences  Laboratory,  Provo,  Utah). 

Distribution  and  habitat. — Budsage  is  a  very  drought -res  i  stant  slirub  i'ouiid  on  di->', 
often  saline  plains  and  hills  from  southwestern  Montana,  central  Idaho,  and  eastern 
Oregon  southward  to  southeast  California,  New  Mexico,  Arizona,  and  Coloi'ado.   'I'>'pe 
locality  is  "Rocky  Mountain  plains,  in  arid  deserts,  toward  tlie  north  sources  ot  the 
Platte"  (Abrams  and  Ferris  1960).   It  is  often  associated  witli  shadscale,  black  grease- 
wood  (Sarcobatus   vermiaulatus) ,    and  other  salt-tolerant  shrubs.   In  some  areas,  it  is 
associated  with  black  sagebrush  and  basin  big  sagebrush. 

f/se. --Budsage  is  a  palatable,  nutritious  forage  plant  for  upland  liirds,  small  game, 
big  game,  and  sheep  in  the  winter.   Cenerally,  it  is  more  jialatable  in  the  late  winter 
than  during  the  early  winter  (Holmgren  and  llutchings  1972).   During,  this  time  it  is  ol 
tremendous  value  to  the  welfare  of  grazing  animals,  esjieciall}-  where  there  is  an 
abundance  of  dry  grass. 

Care  must  be  taken  in  grazing  budsage  in  late  winter  ami  early  spring,.   I  ven  lig.ht 
grazing  during  this  period  is  detrimental,  and  continual,  heavy  grazing  ma>-  eliminate 
budsage  from  the  area  (Holmgren  and  Hutchings  1972"). 
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Figure  25. — Large  specimen  of 
basin  big  sagebrush   (A. 
tridentata  ssp.    tridentataj 
growing  near  LaSal,   San  Juari' 
Co.,    Utah. 
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Artemisia  tridentata  Nutt.  (big  sagebrush^) 


I 
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Big  sagebrush  is  a  highly  polymorphic  species  with  numerous  ecotypes  and  biotypes 
Three  subspecies  {tridentata^   wyomingensis,    and  vaseyana)   are  generally  recognized  at 
the  present  time  (Beetle  1960;  Beetle  and  Young  1965),  and  will  be  discussed  individu- 
ally following  the  general  presentation  of  the  species. 

Big  sagebrush  is  composed  of  aromatic,  evergreen  shrubs  ranging  in  size  from  dwari 
to  tall,  arborescent  forms  up  to  4.5  m  tall  (fig.  25).   The  lower  forms  generally  have' 
several  main  stems  arising  from  the  base,  whereas  the  tall  forms  often  have  a  single 
short  trunk.   Older  branches  are  covered  with  a  gray  to  brown  or  black  shredded  bark. 
Younger  branches  and  leaves  have  a  white  to  gray  tomentum  which  gives  the  plants  a 
silvery  cast. 

Typical  leaves  are  narrowly  cuneate  or  oblanceolate  and  terminate  with  3  blunt 
teeth  at  their  truncate  apexes  (fig.  26).   However,  considcralile  variation  occurs, 
ranging  from  linear,  entire  leaves  with  rounded  to  acute  apexes  to  broadly  cuneate 
leaves  with  varying  number  of  teeth  or  shallow  lobes.   The  leaves  also  range  in  size 
from  2  mm  to  2  cm  broad  and  1  cm  to  6.5  cm  long.   Normally,  leaves  on  vegetative  shoots 
are  more  characteristic  and  less  variable  tlian  those  on  flowering  shoots.   Also,  per- 
sistent leaves,  that  is  overwintering  leaves,  are  less  variable  tlian  leaves  of  the 
spring  growth  flush  (Winward  1970),  wliich  are  shed  by  midsummer. 


^Other  common  names  include  common  sagebrush  and  lilack  sage 
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Figure   26. — Typical   leaves 
of  basin  big  sagebrush 
(k.    tridentata  ssp. 
tridentataJ.  The   scale 
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Heads  of  this  species  contain  S  to  8  disc  flowers  each  and  arc  arranged  into  leafy 
panicles  with  erect  or  sometimes  drooping  branches.   In  some  forms,  the  inflorescence 
becomes  spikate.   Blooming  occurs  from  .JliIv  to  October.   Seeds  (fig.  27)  mature  in  Octo- 
ber, November,  and  December.   There  are  about  5,510  seeds  per  gram  (2 ,5()(i ,  ()()()  pei-  pound) 
(Plummer  and  others  1968;  Ueitschman  1974).   Big  sagebrush  plants  often  live  100  _\-cars. 
Specimens  from  several  sites  were  found  to  be  more  than  200  years  old  ("1  erguson  1961). 

Hybridization. --Artemisia   tridentata   has  a  basic  chromosome  numlicr  of  x  =   9.   Bolli 

diploid  (In   =    18)  and  tetraploid  (2n  =  36)  forms  are  known  fWard  1955;  Taylor  and  others 
1964;  Winward  1970;  Kelsey  and  others  1975;  McArthur  and  Plummer  1978;  McArthur  and  Pope 

data  on  file  at  the  Shrub  Sciences  Laborator)',  Provo,  Utah).   In  nian>'  cases  there  is  no 

morphological  difference  between  the  diploid  and  tetraploid  plants.   In  fact  the}'  ma>' 

grow  together.   Subspecies  tridentata   and  vaseyana   lx)th  have  diploid,  tetraploid,  and 
mixed  populations.   Subspecies  wyomingensis    is  now  known  only  as  a  tetraploid. 

This  species  readily  crosses  both  int  rasj^iecif  i  cal  1  >■  and  i  nt  erspec  i  f  ica  1  !>■  (table 
2).  In  their  chromatographic  work.  Hanks  and  others  (1975)  found  evidence  of  natural 
hybridization  among  the  following  species  and  subspecies:  A.  tridentata.  ss]i.  vaseyayia 
with  ^.  tridentata    ssp.  tridentata,    A.    arbuscula    ssp.  arhuscula,    A.    nova,   A.    tripartita 


Figure  27. — Basin  big  sage- 
brush (,\.  tridentata  cs}  . 
tridentata J  scad   (7X). 


:                                   Seed  produced 

Treatment       : 

1974 

1975 

1976 

N 

:   X"  ±  se2 

Range 

:   N 

:    X  ±  se^   : 

Range   : 

N 

X  +  se2   : 
1,575±322* 

Range 

Open  pollination 

26 

1,222±199* 

11-5,000 

16 

1,845+345* 

10-4,000 

42 

0->5,000 

Intrapopulat ion 

2S 

115r40 

0-1,000 

26 

11±5 

0-100 

41 

77  +  21 

0-500 

Interpopulation 

Bag  1 

25 

78±24 

0-300 

14 

16±7 

0-94 

39 

31±10 

0-250 

Interpopulat  ion 

Bag  2 

26 

62114 

0-300 

14 

14  +  7 

0-100 

40 

24±9 

0-300 

Control 

26 

37tl2 

0-300 

10 

10±3 

0-30 

42 

12±5 

0-200 

'Taxa  involved  in  hybridization  experiments  include  A.    arbusaula,    A.    bigelovii,   A.    aana,    ssp.  visaidula, 

A.    nova,   A.   pygmaea,   A.    tridentata   ssp.  tridentata,   A.    t.    ssp.  vaseyana,   A.    t.    ssp.  wyomingensis ,    and 

A.    tr'ipartita_s sp.    tripartita. 
^The  *  in  the  X  (mean)  :  se  (standard  error  of  the  mean)  column  indicates  a  significant  difference  in  the 

open  pollination  treatment  from  all  other  treatments.   None  of  the  other  treatments  were  significantly 

different,  according  to  the  multiple  range  test  (p<.05). 

ssp.  tripartita,    and  A.    aana   ssp.  visaidula;   A.    tridentata   ssp.  tridentata   with  A.    tri- 
partita  ssp.  tripartita   and  A.    tridentata   ssp.  wyomingensis.      Beetle  (1960)  reported 
finding  intermediates  between  the  following:  A.    tridentata   ssp.  tridentata   with  A.    tri- 
dentata  ssp.  vaseyana,    and  /..  cana   ssp.  cana   with  A.    nova. 

Ward  (1953)  examined  two  mixed  populations  of  A.    tridentata   and  A.    aana.      In  one 
population  the  A.    tridentata   was  diploid  and  the  A.    aana   was  tetraploid.   In  the  other  , 
population,  A.    tridentata   was  tetraploid  while  the  A.    aana   was  diploid.   The  putative  i 
hybrids  from  both  populations  were  tetraploid  and  blended  in  with  the  tetraploid  parent. 

Because  of  its  plasticit)'  and  the  apparent  ease  with  which  it  hybridizes,  there 
are  great  opportunities  for  developing  improved  forms  of  big  sagebrush  for  different 
purposes.   Controlling  the  hybridization,  however,  may  prove  very  difficult. 

distribution  and  habitat .--^ig   sagebrush  is  the  most  widespread  and  common  shrub 
of  western  North  America.   It  is  especially  common  in  the  Great  Basin.   This  species 
covers  approximately  58,655,000  hectares  (226,374  square  miles)  in  the  11  western  State: 
(Beetle  1960).   It  grows  in  a  variety  of  soils  on  arid  plains,  valleys,  and  foothills 
to  mountain  slopes  from  500  to  3,400  meters  (1,600  to  11,200  feet)  and  is  frequently 
associated  with  such  shrubs  as  shadscale  saltbush,  rubber  rabbitbrush,  low  rabbitbrush, 
fourwing  saltbush,  spiny  hopsage  {Grayia  spinosa) ,    spiny  horsebrush  {Tetradymia  spinosa] 
winterfat,  and  broom  snakeweed. 

Although  it  is  tolerant  of  quite  alkaline  as  well  as  quite  acid  soils,  its  optimum 
growth  is  in  deep,  fertile,  alluvial  loams  (Sampson  and  Jesperson  1963). 

Although  big  sagebrush  has  spread  with  settlement  of  the  West  (Cottam  1961;  Chris- 
tensen  and  Johnson  1964;  Hull  and  Hull  1974),  nevertheless,  it  was  clearly  an  important 
and  widespread  plant  before  this  settlement.   As  early  as  the  Pleistocene  Epoch,  sage- 
brush was  already  an  important  part  of  the  Intermountain  Flora.   Eight  to  ten  thousand 
years  ago,  sagebrush  dominated  large  tracts  of  land  in  areas  where  it  is  still  found 
(Tidwell  and  others  1972;  Van  Devender  1977).   Vale  (1975),  quoting  from  early  pioneer 
and  explorer  diaries,  has  shown  it  was  a  common  western  plant  prior  to  1850. 

Big  sagebrush  and  its  section  Tridentatae   relatives  (table  1)  are  subject  to  insec 
and  microbial  pests  and  benefactors--most  notably,  the  sagebrush  defoliator  moth  (Aroga 
wehsteri) .      Wide  ranging  and  periodic  outbreaks  of  this  insect  have  caused  extensive 
sagebrush  mortality  over  much  of  the  range  of  A.    tridentata   and  its  relatives  (Henry 
1961;  Hall  1965;  and  personal  observations  of  the  authors).   However,  except  on  some 


Figure   28. --Basin  big  sage- 
brush  (k.    tridentata 
ssp.    tridentataJ  growing 
with  crested  wheatgrass 
fAgropyron  cristatumJ 
in  Pigeon  Hollow,   Sanpete 
Co.,    Utah. 
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critical  winter  game  ranges,  Aroga  websteri    is  not  believed  to  have  serious,  long-term 
effects.   The  moth  is  subject  to  insect  parasites  and  predators  and  does  not  completely 
kill  off  sagebrush  stands  (Hall  1965).   In  time  sagebrush  naturally  reinvades  its  old 
sites  which  in  the  mean  time  have  become  more  diverse  plant  communities.  During  drought 
periods  grasshoppers  have  been  known  to  defoliate  A.    tridentata    (E.  I'.  Schlatterer, 
letter  12/1/77).   Galls  of  many  kinds  of  flies  fniptera)  are  found  on  sagebrush  (Hall 
1965;  Jones  1971;  C.  F.  Tiernan,  data  on  file  at  the  Shrub  Sciences  Laboratory,  l''rovo, 
Utah).   The  effect  of  the  galls  is  not  known.   Sagebrush  hosts  many  other  insects  of 
various  orders.   Some  of  these  may  protect  the  plant  from  disease  vectors.   Several 
microbial-induced  diseases  are  known  (Krebill  1972).   Some  of  these  are  widespread  and 
may  be  locally  destructive;  however,  sagebrush  populations  arc  resilient  and  generally 
are  not  significantly  affected  in  the  long  run.   D.  L.  Nelson  (data  on  file  at  the  Shrul) 
Sciences  Laboratory,  Provo,  Utah)  has  recently  isolated  several  fungal  species  of  tlie 
genera  Verticillium,    Fusariurriy    and  Rhizootonia   from  dying  sagebrush  in  uniform  gardens. 
We  have  observed  similar  symptoms  (dying  desiccated  plants)  in  natural  jiojuilat  ions .   We 
believe  diseases  induced  by  these  fungi  may  be  among  the  most  serious  sagebrush  diseases. 
Some  microbes  are  likely  useful  for  the  vigor  and  growth  of  sagebrush.   Wallace  and 
Romney  (1972)  found  preliminary  evidence  that  A.    tridentata   formed  s>'mbiotic  relation- 
ships with  microbial  endophytes  to  fix  atmospheric  nitrogen.   Williams  and  Aldon  (1976) 
found  endomycorrhizae  within  A.    tridentata   roots  and  abundant  spores  around  tiie  roots. 
Endomycorrhizae,  in  general,  have  a  beneficial  influence  on  plant  growth  liy  promoting 
nutrient  absorption  through  infected  roots  (Williams  and  Aldon  1976).   For  sagebrush, 
the  beneficial  effect  is  suggestive  but  not  yet  proven. 

Use .--Artemisia   tridentata   is  one  of  the  more  nutritious  shrut)s  on  western  winter 
livestock  and  game  ranges.   Subspecies  tridentata   has  higher  jirotein  levels  than  tiie 
other  two  subspecies  (Welch  and  others  1977).   Unfortunately,  this  species  also  contains 
considerable  aromatic  oil,  which  may  reduce  its  digestibility  (Nagy  and  others  1964). 
Nevertheless,  because  of  its  widespread  abundance,  its  ability  to  grow  with  associated 
grasses  (figs.  4,  28),  forbs,  and  other  shrubs  and  its  nutritious  nature,  big  sagebrush 
is  the  most  important  winter  forage  in  foothill  areas  through  much  of  tlie  West  for  live- 
stock and  big  game.   Furthermore,  the  volatile  oil  content  vaiies  with  subspecies  and 
accession  (Sheehy  and  Winward  1976;  Scholl  and  others  1977;  Welch  and  McArthur,  data 
on  file  at  the  Shrub  Sciences  Laboratory,  I'rovo,  Utah).   Perhaps  the  oil  content  could 
be  reduced  in  improved  planting  stock.   It  is  one  of  the  best  shrubs  available  ior 
use  in  revegetation  of  depleted  winter  game  ranges  in  the  Intermounta in  area  (tig.  29) 
(Plummer  1974) . 
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Figure   29. — Basin  big 
sagebrush    (A.    triden- 
tata  ssp.    tridentataj 

that  has  been  seeded 
after  juniper-piny  on 
aontrol  near  Fillmore 
Millard  Co.,    Utah. 


Palatability  of  the  different  populations  of  this  shrub  varies  widely.   Basin  big 
sagebrush  {A.    tridentata   ssp.  tridentata)    is  generally  less  palatable  than  Wyoming  big 
sagebrush  {A.    tridentata   ssp  wyomingensis) ;   both  are  less  palatable  than  mountain  big 
sagebrush  (Hanks  and  others  1973;  Sheehy  and  Winward  1976) .   Hanks  and  others  (1973) 
found  that  intermediates  exhibit  considerable  variation  in  their  palatability,  but  are 
usually  preferred  to  plants  of  the  subspecies  tridentata.      Sagebrush  is  important  food 
and  cover  for  upland  birds.   For  example,  sagebrush  was  found  to  comprise  62  percent  of 
the  annual  diet  of  sage  grouse  in  Montana  (Wallestad  and  others  1975).   Big  sagebrush 
is  an  important  component  of  antelope  diet.   Olsen  and  Hansen  (1977)  found  sagebrush 
comprised  78  percent  of  the  annual  diet  for  antelope  in  Wyoming's  Red  Desert. 

Big  sagebrush  stands  are  unexcelled  in  providing  ground  cover  and  forage  when 
grazed  to  maintain  a  balance  between  the  sagebrush  and  associated  herbs  and  shrubs 
(Plummer  and  others  1968).   Because  big  sagebrush  establishes  rapidly  from  both  trans- 
planting and  direct  seeding,  it  is  useful  for  stabilizing  washes,  gullies,  roadcuts, 
and  other  raw,  exposed  sites. 

In  the  Old  West,  big  sagebrush  was  commonly  used  by  both  Indians  and  the  white 
settlers  for  fuel  and  for  construction  of  shelters.   Its  wood  makes  a  quick,  hot  fire, 
and  its  branches  thatched  temporary  homes  and  sheds  (Hall  and  Clements  1923). 

Subspecies .--Artemisia   tridentata   ssp.  tridentata    (basin  big  sagebrush^)  is  an 
erect,  heavily  branched,  unevenly  topped  shrub.   This  subspecies  has  undivided,  or  at 
least  trunklike,  main  stems.   Shrubs  range  between  1  and  2  meters  in  height  (fig.  30). 
Some  forms,  however,  may  reach  4.5  meters  in  suitable  habitats  (fig.  25).   Mature  shrubs 
of  this  subspecies  are  the  largest  members  of  the  big  sagebrush  complex.   The  evergreen, 
vegetative  leaves  are  narrowly  lanceolate,  up  to  5  cm  long  by  5  mm  wide,  and  typically 
3-toothed  at  the  apex  (fig.  22).   The  leaves  of  the  flowering  stems,  however,  gradually 
become  smaller  and  may  be  linear  or  oblanceolate  and  entire.   Winward  (1970)  found  the 
average  length-to-width  ratio  of  persistent  leaves  on  specimens  from  Idaho  to  be  5.6. 
The  gray-canescent  foliage  possesses  a  strongly  pungent,  aromatic  odor.   Flowering 
stems  arise  throughout  the  uneven  crown  and  bear  numerous  flower  heads  in  erect,  leafy 


^Other  common  names  include  common  sagebrush,  common  big  sagebrush,  narrowleaf 
big  sagebrush,  and  valley  big  sagebrush. 


30 


Figure   30. — Tvo  cven-a.jed  playits 
representi^ig  ecotjpes  of  has  in 
big  sagebriisPi    (A.    tridcntata 
ssp.    tridentataj    u'l'ouing  at 
the  Snow  Field  Statio>i.      The 
forn  on  the   left  uas   trans- 
planted fvori  FaraA.Hse   Vallei', 
Humboldt  Co.,    Ilevada;    the  one 
on   the  i-'ight  vas   transplanted 
from  the  Jackson  Mountains, 
Humboldt  Co.,    Nevada.      The 
ruler  in   the  center  foregi'oun.d 
is   30  on   lonq. 
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panicles.   The  heads  contain  3  to  6  small  yellowish  or  brownish,  trumpet -shaped , 
perfect-disc  flowers.   The  narrowly  campanulate  involucre  consists  of  canescent  bracts 
3  to  4  mm  long  and  about  2  mm  wide  tiiat  form  4  to  5  overlajiping  series  around  each  head. 
The  outermost  bracts  are  less  than  a  fourth  as  long  as  the  innermost  bracts.   ['lowering 
occurs  from  late  August  to  October.   Seed  matures  depending  on  site  from  October  to 
November.   Basin  big  sagebrush  is  probably  the  most  abundant  shrub  in  western  \'orth 
America  on  lowland  ranges.   It  normally  occurs  on  dry,  deep,  well-drained  soils  on 
plains,  valleys,  and  foothills  below  2,130  meters  (7,000  feet)  elevation.   Above  this 
elevation,  subspecies  vaseyana   and  occasionally  subsjjecies  wyomiyigensis   are  more  preva- 
lent.  Vigorously  growing  basin  big  sagebrush  is  considered  indicative  of  productive 
ranges  because  it  often  grows  in  deep,  fertile  soil.   This  subspecies  has  generally  been 
regarded  as  intolerant  of  alkali,  but  there  are  ecotypes  that  grow  in  relatively  high 
alkalinity  in  association  with  such  alkali-tolerant  plants  as  black  greasewood,  shad- 
scale  saltbush,  and  saltgrass  {Distiahlis  striata).      Plants  with  strikingly  reflexed 
drooping  branches  of  inflorescence  are  found  throughout  the  range  of  subspecies  triden- 
tata.      These  have  been  termed  A.    tridentata   ssp.  tridentata    f.  p'aiHshii    (Beetle  1959). 
This  form  may  be  environmentally  induced  because  some  ssp.  vaseyana   populations  of 
central  Nevada  also  have  drooping  inflorescences  in  some  years  (E.  F.  Schlatterer, 
letter  12/1/77) . 

Artemisia  tridentata   ssp.  vaseyana    (mountain  big  sagebrush)  is  normally  a  smaller 
shrub  than  basin  big  sagebrush.   Its  main  stem  is  usually  divided  at  or  near  the  ground, 
and  it  tends  to  have  a  spreading,  evenly  topped  crown  (fig.  31).   Tlie  vegetative 
branches  are  usually  less  than  1  meter  high  and  freciuently  layer  at  their  bases,   i'here 
are,  however,  ecotypes  at  lower  elevations  that  may  reach  about  2  meters  in  tieiglit. 
The  persistent  vegetative  leaves  are  broadly  cuneate  to  spatulate  and  are  characteris- 
tically wider  than  those  of  both  basin  and  Wyoming  big  sagebrush  (fig.  22c  I .   When 
looking  down  at  this  shrub,  the  terminal  leaves  on  each  twig  appear  to  be  tlistinctly 
whorled  (fig.  32).   Subspecies  tridentata   does  not  show  this  trait.   However,  ssp. 
wyomingensis   shows  the  trait  to  some  extent.   Normally,  the  leaves  arc  2  cm  long,  3  imii 
broad,  but  in  form  spiaiformis   may  reach  6.5  cm  long  and  2  cm  broad.   Leaf  lengtli-to- 
width  rates  for  typical  persistent  vaseyana   leaves  average  4.0  while  that  of  form 
spiaiformis   averages  3.5  (Winward  1970).   Crushed  leaves  emit  a  ratlier  pleasant  mintlike 
fragrance  in  contrast  to  the  more  pungent  odor  of  both  basin  and  Wyoming  liig  sagebrush. 
Flower  heads  are  arranged  into  narrow,  often  dense  panicles  or  spikes.   The  heads  con- 
tain 5  to  8  trumpet-shaped,  perfect-disc  flowers.   The  broadly  campanulate  involucre 
consists  of  numerous  canescent  overlapping  bracts,  5  mm  long  and  3  to  4  mm  wide.   The 
outermost  bracts  are  less  than  half  as  long  as  the  innermost.   Some  strains  of  mountain 
big  sagebrush  start  blooming  as  early  as  July  and  tlius  may  be  Iti  bloom  up  to  6  weeks 
earlier  than  either  basin  or  Wyoming  big  sagebrush  (Hanks  and  others  1973).   Seed 
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Figure  21. — An  even- 
topped  mountain  big 
sagebrush   (A.    triden 
tata  ssp.    vaseyanaj 
growing  in   the   Targh 
National  Forest ^    Sub 
lette  Co.,    Wyoming. 


Figure  22. — Big  sagebrush  leaves  seen  from  above.      Specimens  growing  at  the  Snow  Field 
Station.      (A)     The  whorled  terminal  leaves  of  mountain  big  sagebrush  (A.    tridentata 
ssp.    vaseyanaj  transplanted  specimen  from  Ephraim  Canyon,   Sanpete  Co.,    Utah.      (B) 
The  contrasting  nonwhorled  appearance  of  basin  big  sagebrush   (A.    tridentata  ssp. 
tridentataj  transplanted  from  Dog  Valley,   Juab  Co.,    Utah. 
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Figure   32. — Wyoming  big 
sagebrush    (A.    tridentata 
ssp.    wyomingensisj 
growing  near  Daniel, 
Sublette  Co.,    Wyoming. 
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matures  from  September  through  October.   In  the  Intermountain  West,  mountain  big  sage- 
brush occurs  in  the  upper  elevational  range  of  the  big  sagebrush  zone  in  deep,  well- 
drained  soils  on  mountain  slopes  from  below  1,400  meters  (4,600  feet)  for  f.  xerioensis 
and  at  elevations  over  3,000  meters  (9,800  feet)  for  f.  spiciformis    (Beetle  and  Young 
1965;  Winward  1970).   The  form  xerioensis   is  unevenly  topped  and  grows  in  relatively 
dry  sites  similar  to  basin  and  Wyoming  big  sagebrush.   In  Idaho,  this  form  is  known  to 
occur  between  780  to  1,400  meters  (2,600  to  4,600  feet).   Chromatographically ,  cytolo- 
gically,  and  phenologically,  xerioensi s   most  closely  resembles  and  is  considered  to  be 
a  form  of  ssp.  vaseyana    (Winward  1970;  Hanks  and  others  1973;  Winward  and  Tisdale  1977). 
The  form  epithet  ''xerioensis^'   has  not  been  validly  published.   Winward  (1970)  used  the 
term.   Later,  he  and  Tisdale  (1977)  merely  called  this  "X  big  sagebrush."  Hanks  and 
others  (1973)  used  an  analogous  term,  low  elevation  vaseyana .      Form  spiciforniis   has 
larger  flower  heads  and  leaves  than  typical  oaseyana   and  is  found  at  higher  elevations, 
usually  over  2,130  meters  (7,000  feet)  in  the  cooler,  more  mesic  sites.  Vaseyana 
grows  in  slightly  acid  to  slightly  alkaline  soils  (Welch  and  McArthur,  data  on  file  at 
Shrub  Sciences  Laboratory,  Provo,  Utah).   Unlike  ssp.  tridentata,    vaseyana   is  rarely 
associated  with  any  of  the  saltbushes. 

Artemisia  tridentata   ssp.  Dyomingefisis    (Wyoming  big  sagebrush)  is  somewhat  inter- 
mediate in  distribution,  ecology,  and  morphology  between  basin  big  sagebrush  and  moun- 
tain big  sagebrush.   Occasionally,  all  three  subspecies  may  be  found  growing  together. 
Whenever  it  is  found  associated  with  ssp.  tridentata ,    ssp.  vyomingoisis   is  growing  in 
the  poorer,  more  shallow  soils  (Beetle  and  Young  196S).   Subspecies  wyomingensis   is  a 
low  shrub  usually  less  than  1  meter  in  height.   It  has  an  uneven  top  with  flower  stalks 
arising  throughout  the  crown  like  ssp.  tridentata    (fig.  33).   Its  main  stems  branch  at 
or  near  the  ground  level  like  ssp.  vaseyana,   but  it  does  not  layer.   Leaves  are  1  to  2 
cm  long,  narrowly  cuneate  to  cuneate  (fig.  22d)  ,  and  have  an  average  length-to-width 
ratio  of  about  3:1  for  the  persistent  leaves  (Winward  1970).   Flower  heads  contain  3 
to  8  disc  flowers  and  are  arranged  into  panicles  narrower  than  the  paniculate  inflores- 
cence of  tridentata   and  wider  than  the  spicate  inflorescence  of  vaseyana    (Beetle  and 
Young  1965;  Winward  and  Tisdale  1977).   Flowering  and  seed  ripening  take  place  later 
than  vaseyana   and  earlier  than  tridentata.      This  subspecies  may  have  arisen  from  hybrid- 
ization between  ssp.  tridentata   and  vaseyanux    (Hanks  and  others  1973)  or  '>'~,\) .  tridentata 
and  A.    nova    (Winward  1975).   Wyoming  big  sagebrush  grows  throughout  the  Intermountain 
region  (fig.  34).   It  is  particularly  abundant  east  of  tlie  Continental  Divide  in 
Montana,  Wyoming,  and  parts  of  Colorado  in  dry,  shallow,  gravelly  soil,  usually  from 
1,500  to  2,100  meters  (5,000  to  7,000  feet)  (Beetle  and  Young  1965).   In  Idaho,  this 
subspecies  is  found  from  760  to  1,980  meters  (2,500  to  6,500  feet)  in  the  hotter,  drier 
portions  of  the  State  (Winward  1970). 
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Figure  34. — A   large  stand  of 
Wyoming  big  sagebrush   TA. 
tridentata  ssp.    wyomingensis 
growing  near  its  type   locatic 
Daniel,   Sublette  Co.,    Wyoming 
Note  size  contrast   to  basin 
big  sagebrush  of  figure  25. 


Artemisia  tripartita  Rydb.  (threetip  sagebrush) 

Threetip  sagebrush  is  a  rounded,  evergreen  shrub  up  to  2  meters  high.   It  may  have 
a  simple,  trunklike  main  stem  or  several  branches  arising  from  the  base.   The  bark  on 
young  branches  is  canescent ,  but  becomes  shredded  and  grayish,  light  brown  to  dark 
brown  or  black  on  older  stems.   This  species  can  layer,  sometimes  sprouts  back  after 
a  burn,  and  may  sprout  from  the  stump  following  herbicide  treatments  (Beetle  1960; 
Pechanec  and  others  1965;  Schlatterer  1973). 

Leaves  of  the  vegetative  branches  are  canescent,  0.5  to  4  cm  long,  and  typically 
deeply  divided  into  3  linear  or  narrowly  linear-lanceolate  lobes  (fig.  12d),  which  in 
turn  may  be  3-cleft.   Some  of  the  upper  leaves  are  often  entire.   Crushed  foliage 
emits  a  pungent  odor. 

Flower  heads  contain  3  to  11  disc  flowers  and  are  normally  arranged  into  panicles. 
Ray  flowers  are  lacking.   Each  head  is  subtended  by  8  to  12  canescent  involucral  bracts 
Achenes  are  resinous-granuliferous.   Blooming  occurs  from  July  to  September.   Cleaned 
seeds  average  5,490  per  gram  (2,490,000  per  pound). 

Hybridization. --Artemisia   tripartita   occurs  in  both  diploid  (2n   -    18)  and  tetra- 
ploid  (2n  =  36)  forms  (Ward  1953;  McArthur  and  Pope,  data  on  file  at  the  Shrub  Science; 
Laboratory,  Prove,  Utah) .   Some  evidence  of  natural  hybridization  involving  this  speci( 
and  other  shrubby  Artemisia   has  been  found  (Beetle  1960;  Hanks  and  others  1973). 

Distribution  and   /raZ^itat. --Threetip  sagebrush  covers  approximately  3,370,000 
hectares  (13,002  square  miles)  in  the  Northern  Rocky  Mountains  and  Great  Basin  States 
from  British  Columbia  south  through  Montana  and  Wyoming  to  Colorado  and  west  to 
Washington,  Oregon,  northern  Nevada,  and  northern  Utah  at  elevations  between  900  to 
2,750  meters  (3,000  to  9,000  feet)  (Beetle  1960).   In  some  places,  particularly  in 
Idaho,  this  species  occurs  between  the  lower,  hot,  dry  sites  dominated  by  Wyoming 
big  sagebrush  and  the  higher,  cooler  sites  dominated  by  mountain  big  sagebrush 
(Schlatterer  1973) . 

^/se. --Threetip  sagebrush  is  a  vigorous  seeder,  but  unfortunately  some  forms  are 
not  particularly  palatable.   Beetle  (1960)  reported  it  was  of  low  palatability  for 
both  livestock  and  game,  and  Brunner  (1972)  observed  that  it  was  never  grazed  in 
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Nevada.  However,  a  form  near  Salmon,  Idaho,  is  palatable  to  deer.  The  form  near 
Salmon  is  intermediate  in  morphology  betvveen  A.  tripartita  and  A.  tridentata  spp. 
wyomingensis    (E.  F.  Schlatterer,  letter  12/1/77). 

Subspecies . --Artemisia   tripartita   ssp.  rupiaola    (Wyoming  threetip  sagebrush)  is  a 
dwarf  shrub  with  decumbent  branches  that  rarely  grow  over  1 . 5  dm  tall.   It  is  frequently 
found  layering  and  may  have  a  crown  spread  of  5  to  5  dm  (Beetle  1960).   Leaves  of  the 
vegetative  branches  are  often  3  cm  long  and  deeply  divided  into  linear  lobes,  each  at 
least  1  mm  wide  (Beetle  1959,  1960).   Flower  heads  bear  3  to  11  disc  flowers  and  are 
arranged  into  leafy,  narrowly  racemose  panicles.   Flowers  bloom  in  late  August  and 
September.   Seed  ripens  in  October.   Wyoming  threetip  sagebrush  has  a  rather  limited 
range.   It  occurs  on  rocky  knolls  from  2,450  to  2,740  meters  (7,000  to  9,000  feet)  in 
elevation  in  central  and  southeast  Wyoming  (Beetle  1960).   Brunner  (1972)  reported  this 
subspecies  also  occurs  in  southern  Oregon  but  has  not  yet  been  found  in  Nevada.   It 
typically  grows  on  sites  adjacent  to  those  of  mountain  big  sagebrush. 

Artemisia   tripartita   ssp.  tripartita    (tall  threetip  sagebrush)  is  a  freely  branching 
shrub  up  to  2  meters  high.   It  can  layer  easily  when  the  conditions  are  right,  but  is 
seldom  found  layering  in  the  field.   After  burning,  it  may  stump-sprout  (Beetle  1960). 
Leaves  of  the  vegetative  branches  are  1.5  to  4  cm  long  and  deeply  divided  into  5  linear 
lobes  less  than  1  mm  wide.   The  lobes  ma)'  be  further  divided  (Beetle  1959,  1960).   Flower 
heads  bear  4  to  8  disc  flowers  and  are  arranged  into  panicles  that  may  sometimes  be  re- 
duced to  a  spicate  form.   Flowers  bloom  in  late  August  and  September.   Seeds  ripen  in 
October.   This  subspecies  occurs  in  dry,  well-drained  soils  at  900  to  2,300  meters 
(3,000  to  7,500  feet)  elevation  from  British  Columbia  south  through  Washington  to 
northern  Nevada  and  eastward  to  northern  Utah  and  western  Montana.   Its  type  locality 
is  listed  as  "Plains  of  Rocky  Mountains"  (Beetle  1960). 

Artificial  hybridization  in  section  Tridentatae  of  Artemisia 

Our  experiments  in  hybridizing  Artemisia   section  Tridentatae   were  undertaken  with 
plant  improvement  in  mind  (McArthur  and  Plummer  1974;  McArthur  and  Pope  1975).   The 
section  contains  many  taxa  with  different  combinations  of  traits.   We  think  some  of 
these  traits  such  as  growth  form,  palatability ,  adaptation,  protein  and  volatile  oil 
content,  and  vegetative  spread  might  be  brought  together  in  various  combinations  for 
the  land  manager's  benefit. 

The  experiments  were  designed  to  determine:  (1)  Does  hybridization  occur  and  if  so 
(2)  can  it  be  controlled,  and  (3)  to  what  extent  are  section  Tridentatae   plants  self- 
fertile?  These  questions  are,  of  course,  all  interrelated.   We  have  referred  to 
evidence  for  hybridization  under  each  species  that  has  been  discussed.   This  evidence 
is  in  the  form  of  morphological  and  chemical  intermediates.   More  definite  evidence  is 
available.   We  have  found  triploid  and  pentaploid  seedlings  at  the  Snow  Field  Station 
(McArthur  and  Pope,  data  on  file  at  the  Shrub  Sciences  Laboratory,  Provo,  Utah).   The 
best  explanation  for  their  occurrence  is  that  plants  of  different  polyploid  levels 
hybridized.   The  Tridentatae   are  mostly  wind  pollinated,  a  condition  that  gives  oppor- 
tunity for  hybridization.   Estes  (1968)  presented  solid  cytological,  morphological, 
and  pollen  stainability  (an  indication  of  pollen  viability)  data  for  hybridization  in 
the  A.    ludooiciana   complex.   Estes'  (1968)  hybrids  included  some  interspecific  hybrids. 
On  the  other  hand,  Persson  (1974)  produced  intraspecif ic  hybrids  in  the  A.    maritima 
complex,  but  she  was  not  able  to  produce  any  interspecific  hybrids. 

Controlled  hybridization  of  sagebrush  (section  Tridentatae)    is  no  easy  matter. 
The  small  perfect  flowers  are  impossible  to  hand  emasculate.   Our  attempts  to  induce 
male  sterility  by  using  hot  water  and  the  ethclyne  analog,  Ethrel  ,  were  not  successful. 
The  hot  water  treatment  at  40°  and  45°C  for  2,  5,  and  10  minutes  stopped  all  seed 
development  when  applied  just  prior  to  flower  head  opening.   Higher  water  temperatures 
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vju  LJ  killed  the  plant  tissues.   Our  experiments  at  inducing  male  sterility  with 
Ethrel®  failed  to  uncover  any  differential  action  on  pollen  and  ovule  formation  such  as 
occur  on  wheat  and  other  grasses  (Rowell  and  Miller  1971).   Our  experiments  with  more 
conventional  techniques;  namely,  mass  pollination,  were  more  successful,  but  the  results 
were  not  definitive  (see  table  2,  page  28). 

The  Tridentatae   do  not  appear  to  be  self-sterile  ("table  2).   Seed  was  set  in  the 
unopened  control  bags.   We  cannot  make  the  case  for  self-compatibility  point  as  strongly 
as  we  would  like  to,  however,  because  the  pollination  bags  sift  small  amounts  of  pollen. 
The  bakery  bags  sifted  no  more  pollen  than  commercial  paper  and  woven  cloth  bags  pre- 
pared specifically  for  hybridization  experiments.   We  (McArthur  and  Blauer,  data  on 
file  at  the  Shrub  Sciences  Laboratory,  Provo,  Utah)  found  only  minimal  amounts  of 
pollen  on  petroleum-coated  microscope  slides  inside  of  the  control  bags.   These  tests 
were  made  primarily  with  Atriplex   pollen  but  also  with  Artemisia   pollen  and  unidentified' 
pollen.   Pollen  does  not  sift  into  the  bags  in  quantity  enough  to  produce  seed  sets  of 
up  to  300  seeds  per  pollination  bag  (table  2).   Apparently,  therefore,  selfing  occurs. 

We  believe,  above  and  beyond  the  background  of  selfing,  hybrid  seed  is  also  set. 
Our  3  years'  data  (table  2)  show  a  trend  for  higher  interpopulation  and  intrapopulation 
seed  set  than  seed  set  in  the  control  bags  (selfing  and  sifting) .   The  differences  are 
not  significant,  perhaps  because  of  the  wide  variations  in  seed  set  in  the  bags.   The 
environment  within  the  bags  was  not  natural.   IVhen  the  bags  were  opened,  some  enclosed 
branches  were  drier  and  some  more  moist  than  adjoining  unbagged  branches. 


CHARACTERISTICS  OF  THE  GENUS  CHRYSOTHAMNUS  (RABBITBRUSH) 


This  genus  consists  of  much-branched  subshrubs  or  shrubs  up  to  3  m  high  with 
ascending  to  erect  stems  bearing  alternate,  narrow,  deciduous  leaves.   The  herbage 
ranges  from  glabrous  to  densely  tomentose  and  is  commonly  resinous  and  aromatic. 

Rabbitbrush  flowers  are  borne  in  heads  that  in  turn  are  arranged  into  cymes, 
racemes,  or  panicles  (fig.  35).   The  heads  usually  contain  from  5  to  15  yellow  or 
sometimes  white  disc  flowers  and  are  subtended  by  involucral  bracts  (fig.  36)  arranged 
into  5  more  or  less  distinct  vertical  ranks.   Each  flower  contains  a  pappus  of  abundant, 
white,  slender  capillary  bristles  (fig.  37),  a  5-toothed  or  cleft  tubular  to  funnel- 
form  corolla,  5  stamens  united  by  their  anthers  around  the  style,  and  a  pistil  with 


Figure   35. — The  inflores- 
cence of  Howard  rabbit- 
brush    (C.    parryi  ssp. 
howardiJ.  Plant  growing 
at  Current   Creek,    Duchesne 
Co. ,    Utah. 
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Figure   S6. — Involuoral 
bracts  of   Chrysothamnus 
(22X).       (A)    C.  nauscosus 
ssp.    albicaulis  uith 
acutely  angled  tips. 
Specimen  from  Deeth, 
Elko  Co.,    Nev.    (McArthur 
and  Blauer  N-18). 


(B)    C.  nauseosus  ssp. 
salicifolius  with  obtusely 
angled   tips.      Specimen 
from  Strawberry  Valley, 
Wasatch  Co.,    Utah 
(Tiernan   s . n . j . 


(C)    C.  parryi  ssp. 
attenuatus  with   long, 
attenuate  tips    (arrow). 
Specimen  from  Salina 
Canyon,    Sevier  Co.,    Utah 
(McArthur  and  Blauer 
SC  74-40).      Note  pappus 
(a),    oorrola   (b),    and 
stigma    (c). 
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Figure  27. — Pappus  on 
developing  aehene  of 
mountain  rubber  rabbit-\ 
brush   (C.   nauseosus 
ssp.    salicifolius J . 
Specimen  from  Ephraim 
Cany  on  J    Sanpete  Co. j 
Utah   (7X). 


two  exserted  stigmas  (fig.  38)  and  an  ovary  that  develops  into  a  1 -seeded  glabrous  to 
densely  pubescent  aehene.   The  basic  chromosome  number  for  rabbitbrush  is  a:  =  9.   Poly- 
ploidy is  limited  in  the  genus,  having  been  found  in  Oiily  a  few  subspecies  of  C. 

visoidiflorus    (Anderson  1971). 

The  rabbitbrushes  are  endemic  to  western  North  America  in  open  plains,  valleys,  foo) 
hills,  and  mountains  from  sea  level  to  3,300  meters  (10,900  feet)  in  elevation  (Hitch- 
cock and  others  1969;  USDA  Forest  Service  1974).   In  addition  to  their  importance  as 
browse  and  soil  stabilizers,  rabbitbrushs  are  used  by  the  Hopi  Indians  for  making  wind- 
breaks, arrows,  wickerwork,  and  as  fuel  in  their  ceremonial  chambers  (kivas) .   Flowers 
and  inner  bark  may  be  used  to  make  yellow  and  green  dye,  respectively  (Kearney  and  Peebl 
1960).   Rabbitbrushes,  particularly  the  larger  ones,  provide  late-season  nectar  that  pro 
duces  a  dark,  strong-flavored  honey  (D.  T.  Booth,  letter  11/16/77).   The  dark  color  and 
late  nectar  flow  (coming  after  most  sources  have  ceased)  make  rabbitbrush  especially 
valuable  in  winter  beehives. 

Besides  the  eight  species  (C.  albidus,    C.    depressus^    C.   greenei,    C.    linifolius,    C. 
nauseosus^    C.    parryi,    C.    vaseyi,   and  C.    visoidiflorus)    treated  in  the  publication,  there 
are  a  few  other  Chrysothamnus   species.   Some,  for  example,  C.    pulchellus   do  not  occur  in 


Figure   38. — Flower  head  oj 
mountain  rubber  rabbit- 
brush  (C.   nauseosus  ssp. 
salicifolius .  Specimen 
from  Ephraim  Canyon, 
Sanpete  Co.,    Utah   (7X). 
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the  Intermountain  area;  others,  such  as  C.    pan'-culatur:   aiiu  '.  t.cri-'tifolin.:,    occur  in 
portions  of  the  Intermountain  ai'ea  but  arc  onlv  minor  constituents  of  the  flora. 

Chrysothamnus  albidus  (Jones)  Greene  (alkali  or  white  flowered  rabbitbrush) 

Allvali  rabbitbrush  is  a  much-branched,  leafy  shrub.   It  has  erect,  brittle,  gla- 
brous, very  resinous,  white-barked  branches  up  to  1  meter  high  (fig.  .'^Da).   Tlie  glabrous, 
filiform  leaves  are  1.5  to  4  cm  long,  0.5  to  2  mm  wide,  and  the  margins  become  revolute. 
Their  surface  is  covered  with  small  pits  and  abundant  resinous  exudate. 

Meads  with  4  to  6  white  disc  flowers  each  are  arranged  in  small  compact  cymes. 
Each  head  is  subtended  by  approximately  15  glabrous,  resinous,  involucral  bracts.   These 
are  7  to  9  mm  long  and  terminate  in  attenuate  to  acuminate,  usually  curved  tips.   ITic 
pappus  is  abundant  and  longer  than  the  corollas.   Mature  achenes  are  about  4  mm  long 
and  densely  covered  with  long  soft  hairs.   Blooming  occurs  from  August  to  November. 

Hybridization. --Chrysothamnus  albidus   has  a  chromosome  number  of  2h  =  18  (Anderson 
1966,  1971;  Anderson  and  others  1974).   Only  diploid  individuals  have  been  found  in  this 
species.   Hybridization  between  this  species  and  at  least  ''.  nauseosus   appears  possil^le. 
Anderson  (1970)  has  obtained  seed  from  '\  allddus   that  produced  plants  somewhat  inter- 
mediate between  the  putative  parents. 

Perhaps  greater  alkalinity  tolerance  could  be  bred  into  the  more  palatalUe  fo j-ms 
of  rubber  rabbitbrush  by  crossing  them  with  alkali  rabbitbrush.   These  forms  could  then 
be  used  to  increase  palatable  forage  as  well  as  ground  cover  in  sparsely  vegetatctl  al- 
kaline areas. 

Distribution  and  habitat . --This   species  is  a  definite  halophyte.   !t  :>ccurs  most 
commonly  along  the  western  side  of  the  Great  Salt  Lake  desert,  but  is  al^c  f'nind  across 
Nevada  to  eastern  central  California  in  alkaline  soils.   Alkali  rabbitbruii  may  invade 
strongly  alkaline  areas  as  a  pioneer  plant.   In  less  alkaline  flats  it  may  be  associated 
with  threadleaf  rubber  rabbitbrush,  giant  wildrye,  and  greasewood.   Its  type  locality 
is  listed  as  "alkaline  soil,  Wells,  Nevada"  (Hall  and  Clements  1923). 

6'se.--This  species  has  value  as  ground  cover  on  alkaline  soils. 

Chrysothamnus  depressus  Nutt.  (dwarf  rabbitbrush) 

Dwarf  rabbitbrush  is  a  small,  irregularly  branched,  depressed  shrub  or  subshrub 
3  dm  high  or  less,  with  numerous  short  branches  arising  from  decumbent  lower  stems 
(fig.  40).   The  branches  are  covered  with  a  dense  scabrid  pubescence.   The  narrowly 
oblanceolate  to  spatulate  leaves  are  0.7  to  2  cm  long,  1  to  4  mm  wide,  and  finely  pu- 
berulent  or  scabrous  like  the  branches. 

The  heads  contain  5  disc  flowers  and  are  arranged  in^o  compact  terminal  cymes. 
Involucral  bracts  have  mucronate  to  attenuate  tips,  are  li)  to  13  mm  long,  and  are  ar- 
ranged into  5  distinct  vertical  ranks.   Achenes  are  5  to  5.5  mm  long  and  glabrous  or 
obscurely  pubescent  toward  their  apex.   The  soft  brownish-white  pappus  is  slightly 
longer  than  the  corolla.   Blooming  occurs  from  May  to  October. 

Hybridization. --Chrysothamnus  depressus   has  a  chromosome  number  of  2n   =  18 
(Anderson  1966).   It  is  not  known  to  hybridize  with  any  other  rabbitbrush. 

Distribution  and  habitat . --This   species  occurs  on  dry  plains,  hills,  and  rocky 
mountain  slopes  from  1,000  to  2,100  meters  in  elevation  (3,300  to  6,900  feet)  scattered 
over  western  Colorado,  New  Mexico,  Utah,  Nevada,  and  southeastern  California. 
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Figure  Z9. --Drawings   o/  Chrysothamnus  taxa.      (A)    C.  albidus,  Robertson   s.n.,  Wells, 
Elko  Co.,   Nev.    (I.IX).      (B)   C.  parryi  ssp.    attenuatus,  MoArthur  and  Blauev  SC  74-35, 
Wasatch  Pass,   Sevier  Co.,    Utah  (I.IX).       (C)    C.  parryi  ssp.    monocephalus,  McArthur 
and  Blauer  N-82,   Slide  Mountain,    Washoe  Co.,   Nev.    (1.6X). 
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Figure  40. — Dioarf  rabbit- 
brush    (C.    depressusJ 
growing  near  the  mouth 
of  Ephraim  Canyon, 
Sanpete  Co.,    Utah. 


Use. — Dwarf  rabbitbrush  is  often  heavily  browsed  by  sheep,  cattle,  and  wildlife 
(Hall  and  Clements  1923).   It  transplants  readily  and  is  useful  for  stabilizing  depleted 
5oils  on  which  it  readily  grows.   It  is  a  source  of  protein  when  grasses  and  broadleaf 
ierbs  have  dried. 

Chrysothamnus  greenei  (Gray)  Greene  (Greenes  rabbitbrush) 

Greenes  rabbitbrush  is  a  small  highly  branched  shrub  only  1  to  3.5  dm  high.   Its 
glabrous  brittle  twigs  are  green  at  first  but  soon  become  white  and  shiny.   Bark  on  the 
Lower  branches  often  peels  off  in  sheets  (Hall  and  Clements  1923).   The  nearly  glabrous 
3r  slightly  scabrous-ci liate  leaves  are  narrowly  linear,  1.2  m  or  less  wide,  1  to  3.S 
:m  long,  and  are  more  or  less  viscidulous. 

Flower  heads  normally  contain  5  disc  flowers  in  rounded  or  flat-topped  cymes.   The 
Lnvolucral  bracts  are  5  to  7  mm  long,  arranged  in  5  poorly  defined  vertical  ranks,  and 
lerminate  in  narrowly  acuminate,  greenish  tips.   The  tubular  to  funnelform  corollas  may 
3e  whitish  or  yellow  and  4  to  4.5  mm  long.   Achenes  are  about  3  mm  long  and  are  covered 
vith  dense,  long,  shaggy  hairs. 

Greenes  rabbitbrush  has  been  divided  into  2  subspecies,  ssp.  greenei   and  ssp. 
filifolius   by  some  authors  (Hall  and  Clements  1923;  Harrington  1954;  and  Kearney  and 
Peebles  1960).   Tliese  authors  separate  ssp.  filifolius   from  greenei   by  its  normally 
larger  stature  and  shorter  narrower  leaves.   We  believe  no  subspecies  should  be  recog- 
lized  because  the  purported  subspecies  (1)  are  chromatographical ly  similar  (McArthur 
and  others  1978)  and  (2)  often  occur  in  mixed  populations.   The  chromatographic  data 
from  McArthur  and  others  (1978)  further  suggest  that  C.    greenei   could  be  considered  a 
subspecies  of  C.    visoidiflorus   rather  than  a  separate  species.  Chrysotharrmus  greenei 
;losely  resembles  C.    viscidifloims ,    particularly  ssp.  stenophyllus .      Both  liave  a  low, 
3ushy  habit,  white-barked  stems,  and  short  narrow  leaves.   Furthermore,  the  ax-illaris 
form  of  stenophyllus   has  involucral  bracts  with  attenuate  tips  (Anderson  1964)  that 
:losely  resemble  those  of  C.    greenei.      We  concur  with  Hall  and  Clements  (1923)  who  felt 
the  similarity  between  C.    greenei   and  C.    visoidiflorus   indicated  a  close  genetic 
relationship. 

Hybridization. --Chrysothamnus  greenei   has  a  chromosome  number  of  lyi   -    18 
(Anderson  1966).   Anderson  (letter  3/30/76)  believes  C.    visoidiflorus   ssp.  stenophyllus 
form  axillaris   "may  represent  some  sort  of  introgression  of  C.    greenei    into  C.    v. 
stenophyllus. " 
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Figure  41. — A   large  spre^  : 
ing  rabbitbrush   (C. 
linifolius^  growing  at 
the  Snow  Field  Station 


Distribution  and  habitat .--Greenes   rabbitbrush  occurs  on  plains,  valleys,  and  focj 
hills  in  Colorado,  New  Mexico,  Nevada,  and  Utah.   Overgrazing  allows  it  to  greatly  in 
crease,  sometimes  forming  a  subclimax  or  even  climax  community  (Halls  and  Clements  19: 

6'se.--This  species  provides  cover  and  browse  in  areas  where  it  is  abundant. 

Chrysothamnus  linifolius  Greene  (spreading  rabbitbrush) 

Spreading  rabbitbrush  is  a  tall,  robust  shrub  up  to  2.4  meters  high  (fig.  41). 
Chrysothamnus   linifolius   spreads  underground  by  lateral  roots  that  form  adventitious 
shoots  (fig.  42)  (Anderson  1964).   In  the  genus,  only  C.    parrui   shares  the  undergroun^i' 
spreading  trait  and  then  not  nearly  to  the  extent  C.    linifolius   does.   Leaves  are  lar 
flat,  green,  glabrous,  lanceolate  to  oblong-lanceolate,  2  to  5  cm  long,  and  4  to  8  mm 
wide . 

Heads  contain  4  to  6,  usually  5  disc  flowers  and  are  arranged  into  broad,  loose 
cymes.  The  involucral  bracts  have  obtuse  tips  with  thickened  green  spots  similar  to 
those  of  C.    vaseiji.      These  spots,  however,  dry  to  a  brown  color.   Achenes  are  covered 
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Figure  42.  — Root  sprouti  i 
foreground^  of  spreadi  i 
rabbitbrush   (C.  ' 

linifolius  J  at  the  Snc- 
Field  Station. 
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with  dense,  long,  soft  hair.   Blooming  occurs  iluring  Aui'iist  and  Seiiteinher .   Cleaned 
seed  averages  3,140  per  gram  (1,425,000  per  pound). 

Hybridization. — Ckrysothjccnmus   linifolius   has  a  clironiosoine  nuniher  o\    2>i    -    IS 
(Anderson  196b  and  1971).   Hall  and  Clements  (19_'5)  reported  that  intermediates  showing 
all  gradations  in  characteristics  between  r.  liyiifoJ  ins   and  ( '.  oisi'iili  j'lcu'mi    ssp. 
typicus    {viscidifloms)    have  been  noted  in  the  area  around  Point  of  Rocks,  h'\oming. 

Distribution  and   /zabttat. --Sjireading  rabt)i  thrusli  occurs  in  l\\-()ming,  C'olorado,  \ew 
Mexico,  Utah,  and  Nevada.   It  is  most  abundant  in  alkaline  sin  Is  along  roailcuts,  liai'rou 
pits,  ditches,  streams,  and  washes  in  the  Upper  Colorado  River  drainage. 

Use .--'Xhe   aggressive  underground  sjireading  characteristics  tif  the  species  make  it 
a  valuable  stabilizer  of  disturbed  alkaline  soils  (McArthur  and  others  197  1;  Plummer 

1977)  . 

Chrysothamnus  nauseosus  (Pallas)  Britt.  (rubber  rabbitbrush) 

Rubber  rabbitbrush  is  a  shrub  usually  5  to  2(1  dm  high,  but  it  varies  from  dwarf 
forms  to  types  over  5  m  high.   Usually,  several  erect  stems  arise  from  the  base  and 
these  branch  to  form  rounded  bushes.   Branches  are  covered  witli  a  green,  yel  low -gi-een , 
gray-green  to  white  feltlike  tomentum  usually  infiltrated  with  a  resinous  gum,  making 
the  plant  somewhat  sticky.   This  coating  is  often  mistaken  for  part  of  the  bark  but 
can  be  discerned  by  scraping  with  a  knife  edge  or  a  fingernail. 

Leaves  are  nearl\'  filiform  in  some  subspecies  to  broadl}'  linear  in  otiiers.   l,ca\es 
vary  from  18  to  63  mm  long  and  are  covered  with  a  tomentose  vestiture.   They  are  not 
twisted  or  gland-dotted. 

The  heads  of  this  species  are  usual  1>'  arranged  into  a  cymose  i  nl'lorescence .   !  ach 
head  bears  20  to  25  glabrous  to  densely  tometose  involucral  bracts  arranged  in  up  to  5 
vertical  rows  (fig.  36a).   Rubber  rabbitbrush  blooms  from  August  to  October.   I'lants  at 
higher  elevations  bloom  earlier  than  those  at  lower  elevations.   Most  forms  of  C.    ?;.'?<- 
seosus   are  among  the  latest  bloomers  of  the  genus.   Close  examination  ^'i  tlie  buds  and 
flowers  in  various  stages  of  development  revealed  that  the  antliers  open  to  release  pol- 
len during  late  bud  and  just  as  the  buds  are  opening.   As  the  l)ud  continues  to  open,  the 
anther  tube  is  pushed  above  the  corolla  by  elongating  filaments.   At  the  same  time,  the 
styles  elongate  and  push  the  stigmas  up  through  the  anther  tube  until  the  stigmas  are 
fully  exserted  at  full  bloom.   The  stigmas  then  separate  to  expose  their  recejnive  inner 
surface  (fig.  38).   By  this  stage  of  development,  most,  if  not  all,  pollen  from  the 
anther  tube  of  the  same  flower  has  been  shed.   The  later  maturing  slignias,  part  i  cularl>- 
from  the  first  flowers  to  bloom  on  an  individual  shrub,  indicate  that  CJirysothamus    is 
predominantly  self-fertilized  (Anderson  1966)  because  pollen  from  later  developing 
flowers  in  the  same  head,  or  from  other  heads  on  the  same  busli,  iua\-  be  transferred  to 
receptive  flowers  on  that  bush.   This  genus  is  not  apomictic  (Anderson  19()6).   Fruits 
mature  in  October  and  November.   Cleaned  seed  averages  1,530  per  gram  ((>93,0(I0  per  pound) 
(Plummer  and  others  1968)  . 

We  have  recently  discovered  that  galls  induced  by  tcjihritid  flies  arc  differen- 
tially distributed  among  the  subspecies  of  rubber  rabbitbrush  (McArthur  and  others 
1979).   Over  much  of  its  range,  ssp.  albiaaulis    is  infested  with  a  jicrsi  stent  i-ound 
stem  gall,  0.3  to  1.2  cm  in  diameter  (fig.  43).   In  our  observations,  this  gall  was 
restricted  to  ssp.  albioaulis.      Subspecies  consimi lis   and  n)'aVfolt^ns ,    on  the  other  hand, 
have  a  less  persistent,  fluffy  stem  gall  reminiscent  of  a  ball  of  cotton  about  0.7  to 
1.4  cm  in  diameter  (fig.  43).   This  gall  is  found  also  on  ssp.  ilbicfiulis    in  southern 
areas  (near  Kanab,  Utah,  and  Colorado  City,  Arizona).   The  round  gall  is  absent  in  tlicsc 
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Figure  43.— Contrasting      : 
tephritid  galls  on   C.   ' 
nauseosus  subspecies . 
(A.)     Callus  gall  on  ss\ 
albicaulis.  (B.)     Cottc 
gall  on  ssp.    graveolens 
Specimens  from  Gould's 
Washy   Washington  Co., 
Utah. 


areas.   We  are  currently  studying  the  absolute  specificity  of  these  galls.   In  areas 
where  these  subspecies  occur  together  the  galls  are  very  specific.   We  have  observed 
only  a  few  cases  of  cross  gall  inoculation  and  then  only  on  putative  hybrid  plants. 
Wangberg  (1976)  independently  observed  some  species  and  subspecies  specificity  of 
tephritid  galls  on  Chrysothamnus   in  Idaho.   Wangberg  (1976)  found  less  specificity  for 
the  round  gall  in  Idaho  than  we  did  in  Utah.   He  identified  the  tephritid  flies  that 
induce  the  galls  as  two  different  species  of  Aciurina. 

Hybridization. --Chrysothamnus  nauseosus   has  a  chromosome  number  of  2n  =   18 
(Anderson  1966,  1971;  Kovanda  1972;  Anderson  and  others  1974).   This  rabbitbrush  is  a 
highly  variable  species  of  numerous  ecotypes  and  biotypes  from  which  a  large  number  of 
segregates  have  been  described.   Most  important  among  these,  in  the  Great  Basin  at 
least,  are  the  subspecies:  saliaifolius,   albiaaulisy   graveolens,    and  consimilis. 
Other  less  common  and  less  important  subspecies  include:  junaeus,    gnaphalodes,    holo- 
leuGus,    leiospermus,    and  turbinaturs. 

L.    C.  Anderson  (letter  4/12/72)  advised  using  C.    nauseosus   in  hybridization  pro- 
grams since  all  the  natural  Chrysothamnus   hybrids  he  had  found  involved  this  species. 
Anderson  has  found  hybrids  of  C.   nauseosus   ssp.  nauseosus   X  C.   parryi   ssp.  parryi, 
C.   albidus   X  C.    nauseosus,    and  C.   nauseosus   ssp.  albicaulis   X  Haplopappus  macronema. 
The  last  named  combination  is  the  putative  parentage  of  the  rare  endemic  C.   bolanderi 
(Anderson  and  Reveal  1966).   In  1966  there  were  only  25-50  plants  of  this  species--all 
at  Mono  Pass,  California.   In  his  artificial  hybridization  attempts,  Anderson  (letter 
4/12/72)  inserted  pollen  between  the  appressed  stigmatic  lobes  before  they  separated 
naturally.   This  technique  produced  no  hybrids  but  did  block  self-pollination  in  sever, 
cases  so  that  the  recipient  flowers  set  no  seed. 

During  our  field  studies  of  intermixed  albicaulis-consimilis,   albicaulis- 
graveolens,    and  graveolens-consimilis   populations,  we  consistently  found  considerable 
intermixing  of  color  and  leaf  characteristics,  indicating  that  introgression  had  oc- 
curred.  Our  work  with  paper  chromatography  supports  this  observation  (Hanks  and  other; 
1975).   We  found  plants  intermediate  between  C.   nauseosus   ssp.  saliaifolius   and  C. 
parryi   ssp.  nevadensis   and  howardi   in  Utah  and  Nevada,  respectively.   The  subspecies  oi 
C.    nauseosus   found  in  Colorado  intergrade  to  some  degree,  according  to  Harrington  (195';| 

We  agree  with  Hall  and  Clements  (1923)  that  "improvement  in  any  desired  direction 
may  be  brought  about  by  selection,  or  by  hybridization,  or  by  both  of  these  methods." 
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Figure   44. — White   rubber' 
robbitbrush   (C. 
nauseosus  ssp.    albicaulis/ 
in  a   thick  stand  of 
grasses    \ (intermediate 
wheatgrass    CAj^ropyron 
intermedium/'  and  crested 
wheatgrac-'s   TAgropyron 
cristatumj]  at  Pigeon 
Ho  I  low,    Sanpe t e  Co . , 
Utah. 


Distribution  and  Habitat   --Rubber  rabbitbrush  ranges  from  British  Columbia  and 
Saskatchewan  south  to  western  Texas,  Baja  California,  and  eastern  California.   It  is 
a  common  plant  on  plains,  valleys,  and  foothills.   It  grows  best  in  openings  witliin 
the  sagebrush,  juniper-pinyon,  and  ponderosa  pine  zones  in  sandy,  gravelly,  or  clay- 
alkaline  soils.   This  species  grows  at  elevations  ranging  from  150  to  2,750  meters 
(500  to  9,000  feet). 

Rubber  rabbitbrush  vigorously  invades  disturbed  sites  such  as  roadcuts  and  over- 
grazed rangelands.   On  ranges  where  big  sagebrush  has  been  destroyed  by  fire,  insects, 
vehicular  traffic,  or  continued  heavy  grazing,  rabbitbrush  increases  and  often  becomes 
the  dominant  vegetation  (Evans  and  others  1973).   Nevertheless,  in  most  habitats,  this 
species  is  not  overly  competitive  with  herbaceous  species  and  on  some  sites  it  does  not 
suppress  grass.   Production  of  herbaceous  cover  and  percentage  of  site  covered  iiavc 
been  notably  greater  when  rabbitbrush  is  present  than  when  it  is  not  present  (Plummcr 
1959;  Plummer  and  others  1968)  (fig.  44). 

6'se. --Rubber  rabbitbrush  is  an  excellent  plant  for  controlling  erosion  because  of 
its  deep  roots,  heavy  litter,  and  ability  to  establish  on  severe  sites  (USHA  I'orcst 
Service  1974).   Once  established,  this  species  reproduces  easily  and  spreads  fast  from 
its  light,  plumed,  wind-disseminated  achene.   It  also  grows  vigorously  when  transjilaiit ei 
When  cut  and  divided  the  crown  readily  forms  basal  sprouts  (Hall  and  Clements  19251. 

The  value  of  C.    nauseosus   as  browse  varies  greatly  between  subspecies  and  ecotypcs, 
The  white  to  grayish  subspecies  such  as  albiaaulis   and  salicifolius   are  more  palatable 
to  livestock  and  big  game  than  the  green  subspecies,  graveolens   and  consimilis    (fig.  45 
McArthur  and  others  1974;  Hanks  and  others  1975).   Throughout  mucJi  of  the  summer  range, 
game  and  livestock  browse  the  plant  lightly  if  at  all  except  under  unusual  conditions. 
During  late  summer  and  fall  when  rubber  rabbitbrush  is  in  bloom,  most  livestock  and 
game  graze  the  flowers,  and  occasionally  a  few  leaves  and  the  more  tender  stems. 
Rubber  rabbitbrush  is  most  heavily  browsed  on  winter  ranges  (fig.  46].   Rubber  rabbit- 
brush was  found  in  48  percent  of  the  deer  stomachs  examined  on  a  portion  of  winter 
range  in  Owens  Valley,  Inyo  County,  California,  although  it  never  amounted  to  more 
than  6  percent  of  the  total  food  ingested  (Sampson  and  Jesj^erson  1965).   Crude  protein 
content  ranged  from  9  percent  during  the  dormant  months  to  11.8  percent  in  the  spring 
after  new  leaves  had  formed  (Sampson  and  Jesperson  1963) . 

Subspecies.  —  Chnjsotharrmus  nauseosus   ssp.  albicaulis    (white  rubt^er  rabbitbrush) 
is  a  shrub  from  6  to  20  dm  high  with  erect  leafy  branches  and  leaves  covered  witti  a 
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Figure   45. — Differential  deei 
browsing  on  subspecies  of 
rubber  rabbitbrush  on  Bald 
Mountain,   Sanpete  Co.,    Uta} 
The  dark  plant   (lower  left) 
is  the  threadleaf  rubber 
rabbitbrush   (C.   nauseosus 
ssp.    consimilisJj  wheareas 
the   light  plant    (center)   is 
white  rubber  rabbitbrush   (d 
nauseosus  ssp.    albicaulisJ . 


permanent,  dense,  white  to  grayish  tomentum  (fig.  47).   The  leaves  are  2.5  to  4  cm  lo 
0.5  to  1.5  mm  wide  or  sometimes  to  3  mm  wide  in  a  few  forms  (fig.  48a).   The  strongly 
keeled,  acute  involucral  bracts  (fig.  38a)  are  white,  more  or  less  tomentose,  8  to  10 
mm  long,  and  arranged  into  5  distinct  vertical  ranks.   The  yellow  corollas  are  8  to  1 
mm  long  and  terminate  in  lobes  1  to  2  mm  long.   The  achenes  are  densely  pubescent. 
VVhite  rubber  rabbitbrush  is  a  common  and  widespread  subspecies  found  in  open  places  i 
plains  and  foothills  from  British  Columbia  and  Montana  southward  to  northwestern 
Colorado,  Utah,  Nevada,  and  eastern  California.   It  is  most  abundant  in  the  Great  Bas 
area  (Hall  and  Clements  1923).   This  subspecies  is  often  found  intermixed  with  ssp. 
graveolens   on  foothill  ranges,  and  with  ssp.  consimilis   in  valleys  and  plains  (Plumme 
1977).   The  striking  white  forms  have  potential  use  as  ornamentals. 

Chrysothamnus  nauseosus   ssp.  consimilis    (threadleaf  rubber  rabbitbrush)  may  reac 
3  m  in  height  when  mature  (fig.  49) .   It  has  leafy,  erect  branches  covered  with  a  gre 
to  yellow-green  dense  tomentum.   The  very  narrow  threadlike  (linear-filiform)  leaves 
are  less  than  1  mm  wide  and  2.5  to  5  cm  long  (figs.  48b,  50).   They  are  usually  cover 
with  a  green  to  yellow-green  tomentum  and  are  somewhat  resinous.   When  crushed,  the 
leaves  and  twigs  emit  a  strongly  disagreeable  odor.   The  involucral  bracts  are  acute. 


Figure  46.  — Sheep  browsi 
white  rubber  rabbi  thru 
(C.   nauseosus  ssp. 
albicaulisj  near  Ephra 
Sanpete  Co. ,    Utah. 
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Figure  47. --A  white  rmbber 
rabbitbrush   (Q.   nau- 
seosus  ssp.    albicaulisJ 

growing  near  Fountain 
Green,    Sanpete  Co., 
Utah.      The  stake  is 
1.5  m  tall. 
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glabrous,  and  keeled  and  are  arranged  in  fairly  distinct  vertical  rows.   The  I-.racts 
are  6.5  to  8.5  mm  long.   The  corollas  are  7  to  9.5  mm  long,  with  glabrous  lobes  1  to 
2.5  mm  long.   The  achenes  are  densel\-  pubescent,  suggesting  tliat  this  subsiiccies  nia>- 
be  a  connecting  link  between  rubber  rabbitbrush  and  low  rabbitbrusli . 


Chromatograms  of  threadleaf  rubber  rabbitbrush  were  fou 
to  those  of  the  C.    viscidiflorus   complex  (Hanks  and  others  1 
consimilis   is  most  common  in  alkaline  valleys  and  plains  of 
is  often  associated  with  various  saltbushes.   In  less  alkali 
mixes  with  ssp.  albioaulis   and  graveolens .      Consimilis   also 
outside  the  Great  Basin  from  western  Wyoming,  Colorado,  and 
Oregon  and  eastern  California.   A  large  ecotype  that  occurs 
part  of  its  range  was  formerly  recognized  as  a  separate  subs 
subspecies,  pinifolius ,    has  also  been  reduced  to  synonymy  wi 
formerly  referred  to  as  pinifolius   grow  in  southern  Colorado 
leaf  rubber  rabbitbrush  is  one  of  the  least  palatable  of  the 
It  may  therefore  have  value  in  revegetating  disturbed  sites 
attraction  of  browsing  animals  is  not  desired.   This  subsjiec 
on  open  alkaline  soils  by  providing  ground  cover  and  soil  st 
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Chrysothamnus  nauseosus   ssp.  graveolens    (green  rubber  rabiM  thrush )  ranges  from  (> 
to  15  dm  high  when  mature  (fig.  51).   Its  leaf}',  erect  branches  are  >-cllow-green  to 
green  or  sometimes  gray-green  and  are  covered  with  a  compact  tonientum.   The  linear 
leaves  are  1  to  3  mm  wide,  4  to  6  cm  long,  and  only  sliglitly  pubescent  (fig.  ISc). 
The  involucral  bracts  are  6  to  8  mm  long,  glabrous  at  least  on  their  tracks ,  acute, 
keeled,  and  arranged  in  vertical  rows.   The  yellow  corollas  are  7  to  9  mm  long  with 
lobes  0.5  to  1.5  mm  long.   Achenes  are  densely  pubescent.   Creen  rubber  rabbitbrush  is 
widespread  and  sporadic  from  North  Dakota  to  Idaho  and  southward  to  western  Texas, 
New  Mexico,  and  Arizona.   It  is  most  common  on  well-drained  foothills  (fig.  52),  but 
also  extends  up  into  the  mountains  and  down  into  valleys  and  plains  where  it  is  often 
found  intermixed  with  ssp.  consimilis.      Creen  rubber  rabbitbrush  is  gcnerall)-  less 
palatable  than  the  white  or  grey  subspecies,  albioaulis   and  salicifolius .      Nevertheless, 
some  forms  of  this  subspecies  have  been  found  which  are  utilized  to  a  moderate  degree 
by  livestock  and  mule  deer. 

Chrysothamnus  nauseosus   ssp.  salicifolius    (mountain  rubber  rabbitbrush)  is  a  shrub 
from  3  to  20  dm  high  (fig.  53).   Its  ascending  to  erect  twigs  are  very  leafy  and  are 
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Figure  48. — Drawing  of  subspecies  of     Chrysothamnus  nauseosus  (A.)      C.  nauseosus  ssp. 
albicaulisj  MoArthur  and  Blauer  N-18^    Wells,    Elko  Co.,    Nev.    (0.8X).      (B. )      C.  nau- 
seosus ssp.    consimilisj  MoArthur  and  Blauer  N-42,    Deeth,    Elko  Co.,    Nev.    (0.6X).      (C.)^   ^^ 
C.  nauseosus  ssp.    graveolensj  Blauer  291A,    Henryville,    Garfield  Co.,    Utah    (O.SX).      (I 
C.  nauseosus  ssp.    salicifoliuSj  Tiernan   s.n.j  Strawberry   Valley,    Wasatch  Co.,    Utah 
(I.IX). 
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'iguvp.   49. — A   threadleaf 
rubber  rabbitbrush    (c 
nauseosus  ssp. 
consimilis/'  growing 
near  Ephraim,    Sanpete 
Co.,    Utah. 


Igure   50. --Stem,    leaves, 
and  infloresaences  of 
threadleaf  rubber  rab- 
bitbrush on  plant  near 
Ephraim,    Sanpete  Co., 
Utah. 


Igure  61. — Green  rubber 
rabbitbrush    (C. 
nauseosus  ssp. 
graved  en sj  growing 
at  the  Snow  Field 
Station. 
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Figure   52.— Green  rubbc 
rabbi  thrush   (C.   nau- 
seosus  ssp.    graveolei; 
growing  at  Wasatch  Pa 
Sevier  Co. ,    Utah. 
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covered  with  a  gray-green,  fairly  compact  tomentum.   The  leaves  are  broadly  linear, 
ranging  from  4  to  8  cm  long  and  3  to  10  mm  wide,  which  makes  them  the  largest  leaves  c 
the  species  (fig.  48d) .   The  involucral  bracts  are  7  to  8  mm  long,  mostly  obtuse, 
nearly  glabrous,  and  arranged  in  rather  obscure  ranks  (fig.  36b).   The  yellow  corollas 
are  about  1  cm  long  and  have  a  minutely  pubescent  throat.   The  achenes  are  densely 
pubescent.   Mountain  rubber  rabbitbrush  was  reported  by  Hall  and  Clements  (1923)  to  b£ 
"apparently  rare  and  confined  to  Utah."  However,  we  have  found  it  to  be  fairly  wide- 
spread at  higher  elevations  in  Utah  and  parts  of  Nevada  (East  Humboldt  Range,  Elko 
County;  and  Mt .  Charleston,  Clark  County)  as  part  of  the  lower  subalpine  vegetation 
(fig.  54).   L.  C.  Anderson  (letter  3/30/76)  considered  our  Nevada  specimens  to  be  ssp. 
atbioaulis .      So  far  as  we  can  determine,  these  specimens  do  not  differ  in  any  importar 
respects  from  ssp.  saliaifolius   growing  at  its  type  location  (Strawberry  Valley, 
Wasatch  County,  Utah).   It  extends  down  to  the  foothills  in  parts  of  its  range  where 
it  may  be  found  intermixed  with  ssp.  atbioaulis   and  graveolens    (Plummer  1977).   Moun- 
tain rubber  rabbitbrush  appears  to  be  the  most  palatable  subspecies  of  the  four  commor 
subspecies,  saliaifolius,   atbioaulis,   graveotens,    and  aonsimilis   in  Utah  (Plummer  197'' 


Other  less  common  subspecies  which,  however,  have  locally  large  populations  inch 
junaeus,    liototeuous ,    and  leiospermus .      Subspecies  junoeus   is  a  nearl\'  leafless. 


Figure  52. — Mountain 
rubber  rabbitbrush 
(C.   nauseosus  ssp. 
salicifolius)  growim 
at  -the  Snow  Field 
Station. 
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'igure  54. — Mountain  rub- 
ber rabbitbrush   (C. 
nauseosus  ssp.    salici- 
foliusJ  growing  on 
Strawberry  Ridge  on  the 
Utah-Wasatch  Co.    line, 
Utah. 


^el low-green  form  adapted  to  sandy  areas  in  the  Colorado  River  drainage.   Subspecies 

lololeucus    is  a  Great  Basin  foothill  and  valley  form  similar  to  ssp.  alMaau'  i,- .       It 
iiffers  from  the  latter  subspecies  only  in  cryptic  floral  and  achene  characteristics. 
>ubspecies  leiospermus   is  a  low  shrub  usually  less  than  a  meter  in  height.   It  iias 
iffinities  to  ssp.  consimilis .      It  occurs  mostly  on  arid  sites  in  tlie  southern  part  of 
.he  Great  Basin.   A  distinguishing  feature  of  ssp.  leiospernrus    is  its  glahnnis  or 
learly  glabrous  achenes. 

A  few  additional  subspecies  occur  principally  outside  of  tlie  Inteniiourit  a  in  area, 
'hese  include  nauseosus    (mostly  on  the  western  edge  of  the  northern  Crcat    ...:;-), 
lohavensis    (southern  California),  and  turbinatus    (Colorado  iilateau). 

Chrysothamnus  parryi  (Gray)  Greene  (parry  rabbitbrush) 

Parry  rabbitbrush  is  a  shrubby  species  somewhat  intermediate  in  height,  stem  and 
eaf  tomentum,  and  growth  habit  between  rubber  rabbitbi-ush  and  low  rahhithrush.   Parry 
■abbitbrush  is  a  low,  dense  shrub  similar  in  habit  to  certain  Poms  oi"  '.  !■> f i^^'l J i florin 
t   is  usually  from  2  to  6  dm  in  height  with  numerous  spreading  to  erect  flexitile 
/ranches  (fig.  55).   Like  C.    nauseosus,    the  branches  of  Parr\'  ralihi  tbi-ush  are  covered 


'igure  55. --Howard  rab- 
bitbrush   (C.    parryi  ssp. 
howardij  growing  at 
Current  Creek,    Duchesne 
Co.,    Utah. 
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with  a  feltlike  white  to  green  tomentum.   The  tomentum,  however,  is  neither  as  dense  no 
resinous  as  in  rubber  rabbitbrush.   Paulsen  and  Miller  (1968)  observed  that  Parry 
rabbitbrush  spread  from  underground  roots.   We  have  recently  confirmed  this  phenomenon 
in  ssp.  attenuatus. 

The  glabrous  to  tomentulose,  somewhat  viscid  leaves  are  narrowly  linear  to  ellip- 
tic, and  range  in  size  from  0,5  to  8  mm  wide  and  1  to  8  cm  long. 

Flower  heads  usually  are  arranged  in  terminal  leafy  racemes  (fig.  35)  that  some- 
times form  panicles.   The  involucral  bracts  are  9  to  14  mm  high  and  terminate  in  acu- 
minate to  very  attenuate  herbaceous  tips  (fig.  36c).   The  yellow,  tubular  to  funnelform 
corollas  are  8  to  11  mm  long.   Achenes  are  5  to  6  mm  long  and  are  covered  with  long, 
shaggy,  appressed  hairs.   Blooming  occurs  from  July  to  September.   Cleaned  seeds 
average  550  per  gram  (250,000  per  pound). 

Hybridization. --Chrysothamnus  parryi   has  2n  =  18  chromosomes  (Anderson  1966,  1969, 
1971).   This  species  is  composed  of  10  subspecies,  6  of  which  occur  in  the  Intermountair 
region  (Hall  and  Clements  1923).   Among  the  Chvysothamnii,    Chrysothamnus  parryi   is 
probably  most  closely  related  to  C.    nauseosus   with  which  it  shares  similarities  in 
pubescence,  corolla,  shape,  and  style-branches.   In  our  fieldwork  through  Utah  and 
Nevada,  we  have  found  plants  intermediate  between  C.    nauseosus   ssp.  salioifolius   and 
C.   parryi.      Within  the  species,  intermediate  forms  are  known  to  occur  between  ssp. 
parryi   and  howardi   and  between  howardi   and  attenuatus    (Hall  and  Clements  1923) . 


Distribution  and  habitat .--Parry   rabbitbrush  occurs  in  dry,  open  places  in  moun- 
tains and  foothills  of  western  North  America  from  Wyoming  and  western  Nebraska  west  to 
California  and  south  to  New  Mexico  and  Arizona.   Like  other  species  of  rabbitbrush,   JJI  . 
this  species  tends  to  increase  on  overgrazed  and  disturbed  areas.  HI  A 
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f/se. --Although  this  species  is  generally  palatable,  it  is  not  as  widespread  or 
abundant  as  rubber  rabbitbrush  and  low  rabbitbrush  and  thus  not  as  important  for  forage. 
It  is  browsed  mainly  during  periods  of  drought,  particularly  the  more  abundant  subspe- 
cies of  attenuatus,    howardi,    and  parryi.      Parry  rabbitbrush  has  potential  value  for 
stabilizing  disturbed  soils.   We  have  observed  several  of  its  subspecies  on  roadcuts 
and  fills. 

Subspecies .--Chrysothamnus  parryi   ssp.  asper   is  a  low  shrub  1.5  dm  or  more  high 
with  slightly  spreading  to  erect  branches.   Its  green  leaves,  roughened  with  short- 
stalked  resin  glands,  are  2  to  5  cm  long  and  1  to  3  mm  wide.   The  heads  contain  5  to  10 
disc  flowers  and  are  subtended  by  somewhat  ranked  involucral  bracts  with  straight  tips.jj 
This  subspecies  occurs  on  mountainsides  bordering  desert  areas  from  2,100  to  2,600    ji 
meters  (6,900  to  8,500  feet)  in  elevation  in  western  Nevada  and  eastern  California.    || 
Its  type  locality  is  listed  as  "Hockett  trail,  in  the  valley  of  Little  Cottonwood 
Creek,  eastern  slope  of  the  Sierra  Nevada  of  Inyo  Co.,  Cal."  (Hall  and  Clements  1923). 

Chrysothamnus  parryi   ssp.  attenuatus   consists  of  low  shrubs  with  mostly  erect  stems 
up  to  6  dm  high.   It  has  green,  slightly  viscid,  narrowly  linear  leaves,  2  to  4  mm  long 
and  about  1  mm  wide  (fig.  39b).   The  leaves  are  erect  but  are  not  larger  than  the  in- 
florescence.  Heads  contain  5  to  7  disc  flowers  and  are  subtended  by  involucral  bracts 
with  slender,  straight  tips.   The  bracts  are  ranked  into  5  vertical  rows.   Blooming 
occurs  from  August  to  October.   Subspecies  attenuatus   is  found  in  the  sagebrush,  pin\-on- 
juniper,  and  yellow  pine  vegetational  types  from  southern  Idaho  to  Nebraska  and  south 
to  New  Mexico,  Arizona,  and  California.   Its  type  locality  is  listed  as  "Marysvale, 
Utah,  at  2,150  m  in  clay"  (Hall  and  Clements  1923).   We  recently  noted  that  this  sub- 
species will  spread  by  adventitious  shoots  from  underground  roots. 

Chrysothamnus  parryi  ssp.  howardi  (Howard  rabbitbrush)  is  a  low  shrub  (fig.  35). 
Its  spreading  basal  stems  and  erect  branches  are  up  to  6  dm  high  (fig.  55).  The  nar- 
rowly linear,  tomentose  leaves  are  2  to  4  cm  long,  about  1  mm  wide,  and  the  upper  ones 
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usually  extend  beyond  the  uppermost  heads  of  tlie  inflorescence.   l-'lower  lieads  contain 
5  to  7  pale  yellow  disc  flowers.   The  heads  are  suhtendetl  h_\'  vei-ticaijy  ranked  in- 
volucral  bracts  usually  with  spreading  tips.   Blooniini;  occurs  fri^m  .hil>'  to  September. 
This  subspecies  occurs  on  dry  hills  .and  mesas  associated  with  sagebrusli ,  |)  i  nyon- jun  i  |)er , 
and  yellow  pine  vegetational  types  in  Utah,  western  U'yomin,u,  Colorado,  New  Mexico,  and 
Nebraska.   Type  locality  is  listed  as  "gravelly  hills  neai-  'jiot  Springs'  of  Middle  Park, 
Colo."  (Hall  and  Clements  1923). 

Chrysothanmus  parryi    ssp.  monocephalus    is  a  low  shrub  I'l-oin  0.5  to  3  tim  high  with 
rigid,  spreading  branches.   Its  viscid,  somewhat  tomentulose  leaves  are  linear- 
oblanceolate  or  spatulate,  1  to  5  cm  long,  and  1.5  cm  or  less  wide  ffig.  .'S'Jcl  .   Tlie 
upper  leaves  usually  extend  beyond  the  inflorescence.   The  flowering  iieads  occur  singly 
or  in  pairs  on  the  end  of  short  leafy  branches.   The  heads  contain  S  or  (>  disc  flowers 
and  are  subtended  by  obscurely  ranked  involucral  bracts  with  straight,  attenuate  tips. 
This  subspecies  occurs  in  the  high  mountains  of  western  Nevada  and  eastern  California 
on  dry  rocky  slopes  between  5,000  to  5,400  meters  f9,800  to  11,200  feet).   Its  tv-jie 
locality  is  listed  as  "summit  of  Mount  Rose,  Washoe,  Co.,  Nev."  [Hall  and  Clements 
1925). 

Chrysothanmus  parryi   ssp.  nevadensis    (Nevada  rabbitbrushl  consists  of  low  shrubs 
with  ascending  to  erect  branches  up  to  6  dm  high.   The  linear  to  1 incar-ob lanceolate 
leaves  are  1.5  to  4  cm  long,  0.5  to  5  mm  wide,  and  sometimes  green  to  resinous,  tnit 
usually  gray-tomentose.   The  uppermost  leaves  rarely  extend  be)'ond  the  in  I'lorcscence . 
The  flowering  heads  contain  4  to  6  yellow  disc  flowers  and  are  subtended  b\-  ranked 
involucral  bracts  with  slender  recurved  tips.  Chrysothanmus  parryi    ssp.  yievadensis 
occurs  between  1,300  and  2,700  meters  (4,500  and  8,900  feet)  in  elevation  on  dr}'  moun- 
tain sides  from  eastern  California  to  eastern  Nevada,  southwestern  Utali,  and  northern 
Arizona.   It  is  most  common  along  the  eastern  flank  of  the  Sierra  Nevada.   Type  locality 
is  Mount  Davidson,  Nevada  (Hall  and  Clements  1925). 

Chrysothanmus  parryi   ssp.  parryi    (Parry  rabbitbrush)  consists  of  low  shrubs  with 
erect  branches  5  dm  or  more  high.   The  uppermost  leaves  usuall\-  extend  be>ond  the  in- 
florescence.  Flowering  heads  contain  10  to  20  disc  flowers  and  are  subtended  li\' 
obscurely  ranked  involucral  bracts  with  straight  attenuate  tips.   Blooms  occur  during 
August  and  September.   Subspecies  parryi   grows  in  dry  plains,  valle\'s,  and  hillsides 
in  northeastern  Nevada,  Utah,  Wyoming,  and  Colorado.   Type  localit}'  is  listcil  as 
"Rocky  Mountains,  latitude  59°  to  41°"  (Hall  and  Clements  1925). 

There  are  a  few  other  subspecies  of  C.    parryi    such  as  irniilus   and  vulaanicua. 
These  occur  outside  of  or  only  on  the  fringe  of  the  Intermounta in  area  ami  in  small 
numbers  (Hall  and  Clements  1925). 

Chrysothamnus  vaseyi  (Gray)  Greene  (Vasey  rabbitbrush) 

Vasey  rabbitbrush  is  a  low,  rounded  shrub  with  ascending  to  erect  brandies  up  to 
5  dm  high.   The  bark  on  the  young  branches  is  pale  green  to  wliitish  and  glabrous,  l)e- 
coming  brown  and  fibrous  with  age.   Leaves  are  linear  to  1 i near-ob 1 anceol at e ,  1  to  2.5 
cm  long,  1  to  5  mm  wide,  and  glabrous. 

lieads  contain  5  to  7  disc  flowers  each  and  are  arranged  into  small,  compact  c>-mes. 
The  obscurely  ranked  involucral  bracts  are  5  to  7  mm  liigh,  oblong,  obtuse  to  I'ounded , 
and  all  but  the  innermost  have  a  thickened  greenish  spot  near  the  apex.   i ho  achenes 
are  al)out  5  mm  long,  terete,  longi  tud  ina  1  1  >■  10-striate,  and  g.labrous.   Blooming  occurs 
from  .July  to  September. 

Hybridization. --'Yhis    species  has  a  cliromosome  number  o\'   In   =  18  (Andei-son  19()(i). 
The  populations  of  C.    Vascyi    seem  fairl>-  stable  with  little  variation  (Hall  and  Clenients 
1925) . 


Distribution  and  Habitat' "Chrysothcmnus  vaseyi   occurs  scattered  over  plains,  hill- 
sides, and  mountain  valleys  at  altitudes  of  1,700  to  2,600  meters  (5,600  to  8,500  feet) 
in  Utah,  Wyoming,  Colorado,  New  Mexico,  and  Arizona  (Hall  and  Clements  1923). 

Use . --This   shrub  is  probably  browsed  by  sheep,  but  is  small  and  so  scattered  it  is 
of  little  value. 

Chrysothamnus  Viscidiflorus  (Hook.)  Nutt.  (low  rabbitbrush^) 

Low  rabbitbrush  varies  in  appearance  and  foliage  characteristics.   It  is  usually 
3  dm  to  1  m  tall  with  many  erect  stems  branching  from  a  simple  base.   The  brittle, 
erect  twigs  are  glabrous  or  puberulent  with  pale  green  or  white  bark. 

Leaves  are  narrowly  linear  to  oblong  or  lanceolate,  1  to  6  cm  long  and  often 
twisted.   Leaf  vestiture  is  glabrous  or  pubescent  and  commonly  viscidulous  with 
usually  scabrous  margins.   Degree  of  pubescence  may  vary  tremendously  in  variants  of 
this  species.   As  Hall  and  Clements  (1923)  pointed  out,  sometimes  the  pubescence 
among  the  subspecies  of  viscidiflorus   "will  occur  as  a  fairly  dense  though  minute 
puberulence  in  certain  plants,  while  others  almost  exactly  duplicating  these  in  every 
other  respect  will  be  perfectly  glabrous."  Furthermore,  L.  C.  Anderson  (letter 
3/30/76)  has  observed  good  correlation  between  plant  stature  and  leaf  size  of  ssp. 
viscidiflorus     and  lanceolatus   with  altitude  and  amount  of  precipitation. 

Flower  heads  containing  approximately  5  perfect,  fertile  disc  flowers  each  are 
arranged  in  compact  terminal  cymes.   Involucral  bracts  number  about  15  per  head  and 
are  arranged  in  poorly  to  well  defined  vertical  ranks.   The  bracts  of  some  subspecies 
have  a  greenish  or  brownish  thickened  spot  near  their  apex.   Low  rabbitbrush  averages 
about  1,725  cleaned  seeds  per  gram  (782,000  per  pound)  (Plummer  and  others  1968). 

Hybridization. --Chrysothamnus  viscidiflorus   is  the  center  of  a  polyploid  species 
complex  with  a  basic  chromosome  number  of  x  =  9.   Diploid  (2n  =  18),  triploid  (2n  =  27), 
tetraploid  (2n  =  36),  pentaploid  (2n  =  45),  and  hexaploid  (2n  =  54)  populations  of  this 
species  are  known  to  occur  (Anderson  1966,  1971;  Anderson  and  others  1974), 

This  species  includes  numerous  subspecies  and  ecotypes  within  subspecies.   Most 
important  among  these  in  the  Great  Basin  are  2  glabrous  subspecies,  viscidiflorus   and 
stenophyllus ,    and  2  pubescent  subspecies,  lanceolatus   and  puherulus    (fig.  56).  Hall 
and  Clements  (1923)  believe  numerous  intergrades  have  been  held  together  in  one  rather 
close  species  through  interbreeding  where  their  ranges  meet  or  overlap.  Abrams  and 
Ferris  (1960)  describe  C.    viscidiflorus   as  a  highly  polymorphic  species  composed  of 
several  freely  intergrading  subspecies  of  overlapping  distribution.   We  invariably  find 
intermediates  when  doing  fieldwork  on  this  species.   We  believe  forms  of  low  rabbitbrush 
may  be  improved  for  grazing  and  other  uses  through  selection  and  breeding.   Because  each 
subspecies  is  self-fertile  and  predominately  self-pollinated,  each  maintains  its  iden- 
tity despite  occasional  outcrossing  (McArthur  and  others  1978). 

Distribution  and  habitat ■--l-o\^   rabbitbrush  is  one  of  the  most  widely  distributed 
shrubs  on  rangelands  throughout  western  North  America.   It  occurs  in  dry,  open  areas 
from  British  Columbia  and  North  Dakota,  south  to  New  Mexico,  Arizona,  and  eastern 
California  at  elevations  between  790  and  3,350  meters  (2,600  and  11,000  feet).   Low 
rabbitbrush  is  usually  associated  with  sagebrush,  snakeweed  (Xanthocephalum) ,   and  other 
species  of  rabbitbrush. 


vother  common  names  include  yellowbrush,  yellow  rabbitbrush,  yellowsage,  rabbitsage, 
sticky-leaved  rabbitbrush,  and  Douglas  rabbitbrush. 
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Figure   56 .--Subspecies   o/  Chrysothamnus  viscidif lorus.  (A.)      C.    v i sc idi floras  ssjk 
"lanceolatusj  MoArthur  and  Blauer  EC74-311,    Wasatch  Plateau,    Sanpete   Co.,    Utah    (l.OX). 
(B.)      C.  viscidiflorus -ssp,  puberulus,  McArthur  and  Blauer  Fa'74-1,    nouth  of  Kphraim 
Canyon,    Sanpete   Co.,    Utah    (0.9X).       (C)      C.  viscidiflorus  ssp.    stcnopliyl  lus,  McArthur 
and  Blauer  N- 159,    Caliente,    Lincoln  Co.,    Nev.     (I.IX).       (P.)      C.  viscidiflorus  ssp. 
viscidiflorus,  MoArthur  and  Blauer  SC74-7,    Salina   Canyon,    Sevier  Co.,    Utah    (I.IX). 
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Use .--This   shrub  may  provide  an  important  supply  of  browse  to  both  game  and  live- 
stock, particularly  during  late  fall  and  winter  after  more  desirable  forage  has  been 
utilized.   Throughout  the  Great  Basin,  low  rabbitbrush.,  especially  the  flowering  shoots 
provides  good  sheep  feed.   In  California  small  amounts  of  low  rabbitbrush  were  found  in 
10  to  14.8  percent  of  a  large  number  of  deer  stomachs  examined  between  October  and 
January  (Sampson  and  Jespersen  1963).   There  is  much  variation  in  palatability  among 
the  different  subspecies.   Some  may  be  heavily  utilized,  whereas  others  are  utilized 
little  if  at  all  (McArthur  and  others  1974).   Subspecies  stenophyllus   on  rocky  foothill: 
is  often  heavily  used  and  sometimes  destructively  so,  with  animals  preferring  mature 
or  partially  mature  plants  to  green  immature  ones.   On  a  Utah  winter  range,  this  sub- 
species averaged  up  to  11.31  percent  by  weight  of  the  diet  of  sheep  (Cook  and  Harris 
1950;  Cook  and  others  1954).   We  have  observed  substantial  use  on  ssp.  lanceolatus   in 
widely  scattered  areas  of  Utah  and  Nevada. 
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Antelope,  elk,  and  bighorn  sheep,  as  well  as  deer  and  livestock,  show  varying 
preferences  for  low  rabbitbrush,  depending  on  season,  locality,  and  subspecies. 

This  species,  like  rubber  rabbitbrush,  increases  rapidly  and  vigorously  on  over- 
grazed or  otherwise  disturbed  sites.   Some  subspecies  such  as  stickyleaf  low  rabbit- 
brush (ssp.  viscidiflorus)    and  mountain  low  rabbitbrush  (ssp.  lanceolatus)    adapt  well 
to  higher  elevations  while  other  subspecies  such  as  narrow-leaf  low  rabbitbrush  (ssp. 
stenophyllus)    and  hairy  low  rabbitbrush  (ssp.  puberulus)    do  best  in  lower  desert  and 
foothill  habitats  (Plummer  1977).   Low  rabbitbrush  is  valuable  for  revegetating  de- 
pleted rangelands  and  other  disturbed  sites,  such  as  strip  mines  and  roadsides. 

Subspecies .--Chry so thamnus  viscidiflorus   ssp.  lanceolatus    (mountain  low  rabbit- 
brush) is  a  small  shrub  from  2  to  5  dm  tall  (figs.  56a,  57).   Its  branches  are  straw- 
colored  or  gray  and  are  finely  pubescent.   Flower  heads  are  borne  in  small  compact  cyme; 
with  densely  pubescent  branches.   Involucral  bracts  are  5  to  6.5  mm  long,  lanceolate  to 
oblong,  obtuse,  and  glabrous  to  pubescent.   Achenes  are  densely  strigose.   On  the  basis 
of  his  systematic  investigations  in  the  genus  Chry so thamnus ,    L.  C.  Anderson  (letter  datf  I 
5/17/76)  recommended  placing  the  former  ssp.  elegans   in  synonomy  with  C.    viscidiflorus 
ssp.  lanceolatus.      Our  chromatographic  work  (McArthur  and  others  1978)  supports  this 
consolidation.   Specimens  we  collected  as  elegans   could  easily  be  placed  in  ssp. 
lanceolatus   or  puberulus ,   depending  on  leaf  width  characteristics.   Mountain  low  rabbit- 
brush is  widespread  and  fairly  common  in  dry  foothill  and  mountainous  habitats  from   ja 
1,520  to  3,200  meters  (5,000  to  10,500  feet)  ranging  from  British  Columbia,  east  to   ^|| 
Montana,  and  south  to  New  Mexico,  Utah,  and  Nevada.   This  subspecies  may  be  found 


Figure   57. — Mountain  low 
rabbitbrush   (C.  viscidi- 
florus ssp. llanceolatusj 

growing  at  the  Snow 
Field  Station. 
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growing  with  such  shrubs  as  big  sagebrush,  snakeweed,  various  sulis]iecics  of  rubber 
rabbitbrush  (ssp.  salioifolius,    albicaulis,    and  graveolem-)  ,   otlicr  sulis])ecics  of  low 
rabbitbrush  {stenophyllus,    viscidiflorus,    and  puberulus) ,    Greenes  ralibi  tlirush  (-.'. 
greenei) ,    and  Parry  rabbitbrush  {C.    parriji)  . 

Chrysothamnus  viscidiflorus    ssp.  pubermlus    (hairy  low  rabbitbrush)  is  a  small 
shrub  up  to  5  dm  high  with  yellowish  to  green,  finel>-  pubescent  branches  (fig.  .SS). 
Its  linear-filiform  to  linear  leaves  are  sparsely  to  densel)'  jnibescent  with  scahrid- 
ciliate  margins,  and  are  usually  twisted  or  revolute.   The  leaves  are  up  to  2  nun  wide 
and  up  to  3  cm  long  (fig.  56b).   Flower  heads  are  borne  in  small  compact  cymes  with 
densely  pubescent  branches.   Involucral  bracts  are  about  5  to  6  mm  long,  lanceolate  to 
oblong,  acute  to  obtuse,  and  are  usually  marked  with  a  thickened  greenish  spot  near 
their  tips.   Hairy  low  rabbitbrush  occurs  on  dry  plains,  valleys,  and  fo(.)thills,  espe- 
cially on  poorer  soils  and  disturbed  areas.   Its  range  extends  from  iiritish  Columbia  to 
Montana  northward  to  New  Mexico,  Arizona,  Nevada,  and  eastern  (lalifornia.   This  sub- 
species is  most  abundant  in  the  big  sagebrush  communities  of  western  Utah,  Nevada,  and 
southern  Idaho.   However,  it  has  been  found  growing  in  one  locality  or  another  with  most 
of  the  other  subspecies  of  low  rabbitbrush,  shadscale,  winterfat,  halogcton  [luilone Lon 
glomeratus) ,    and  occasionally  with  pinyon  and  juniper. 

Chrysothamnus  viscidiflorus  ssp.  stenophyllus  (narrowlcaf  low  rabbitbi-u 
low,  glabrous  shrub  up  to  3  dm  high  with  white  bark.  Leaves  are  linear-fili 
twisted,  viscidulous,  1  mm  or  less  wide,  1  to  3  cm  long,  and  glabrous  except 
usually  scabrid  and  revolute  margins  (fig.  56c).  Tlie  branches  of  the  small, 
cymes  are  glabrous.  Involucral  bracts  are  4  to  6  cm  long,  not  keeled,  and  1 
Narrowleaf  low  rabbitbrush  is  rather  common  on  most  desert  ranges,  particula 
southern  portion  of  the  Great  Basin  where  it  sometimes  composes  more  than  a 
vegetative  cover  (Cook  and  others  1954).  On  these  ranges  this  subspecies  is 
found  in  the  sagebrush  type  on  poorer  soils  and  disturbed  sites,  but  is  also 
ing  with  halophytes  such  as  shadscale,  fourwing  saltbush  {Atriplex  canescens 
wood,  and  halogeton.  The  species  lias  special  usefulness  for  providing  cover 
ranges  in  arid  climates. 
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Chrysothamnus  viscidifloiVAS   ssp.  viscidiflorus    (stickyleaf  low  rabbi tbrusli)  is  the 
largest  subspecies  of  low  rabbitbrush.   Mature  shrubs  are  usually  more  than  5  dm  tall, 
whereas  the  other  subspecies  are  normally  all  under  5  dm.   Its  branches,  leaves,  and 
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Figure   SB. --Broom  snake- 
weed  (X.    sarothraej 
(right)  growing  next 
to  hairy   low  rabbit- 
brush   (C.  viscidi- 
florus ssp.    puberulusj 
near  Ephraim,    Sanpete 
Co.,    Utah. 
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inflorescences  are  glabrous  but  viscid  (sticky].   The  broadly  linear  to  narrowly 
lanceolate,  bright  green  leaves  are  1  to  5  mm  wide,  2  to  5  cm  long,  and  flat  or  twisted 
(fig.  56d) .   Leaf  margins  are  sometimes  scabrid.   Crushed  foliage  usually  emits  a  very 
pungent  odor.   Branches  of  the  cymes  are  glabrous.   Involucral  bracts  are  obtuse,  oblorij 
not  keeled,  and  5  to  7  mm  long.   Stickyleaf  low  rabbitbrush  is  widely  distributed  on  dr; 
plains  and  hills  from  Washington,  Idaho,  and  Montana  south  to  Colorado,  Utah,  Nevada, 
and  eastern  California.   It  occurs  primarily  in  sagebrush  and  pinyon- juniper  communitie; 
at  elevations  between  1,520  and  2,600  meters  (5,000  and  8,500  feet).   This  subspecies 
often  becomes  dominant  in  cleared  or  overgrazed  areas.   At  lower  elevations  stickyleaf 
low  rabbitbrush  may  be  found  associated  with  such  halophytes  as  shadscale,  winterfat, 
and  halogeton.   Other  subspecies  of  low  rabbitbrush  are  also  often  associated  with  it. 
Anderson  (1971)  recommends  placing  the  former  ssp.  pumilus   in  synonymy  with  C.    visoidi- 
florus   ssp.  visoidifloTus   because  its  specimens  are  "only  environmentally  modified    . 
variants  of  C.    v.    ssp.  visaidif torus.''     Our  chromatographic  work  (McArthur  and  others 
1978)  supports  Anderson's  reduction  of  pumilus   to  synonomy. 

Because  of  its  wide  distribution  from  moist  to  arid  sites,  the  species  is  well 
suited  to  a  wide  range  of  disturbed  sites  over  the  western  States. 

CHARACTERISTICS  OF  THE  GENUS  TETRADYMIA  (HORSEBRUSH) 


The  genus  Tetradymia   consists  of  rather  low,  stiffly  branched  shrubs.   The  stems 
are  uniformly  canescent  or  have  glabrous  to  woolly  streaks  running  down  the  stem  inter 
nodes  from  the  primary  leaves.   The  tomentum  may  be  permanent  or  deciduous  on  both  the 
stem  and  leaves.   Spines  may  be  present. 


Tetradymia   bears  primary  and  secondary  leaves, 
along  elongated  shoots  and  are  usually  long-lived, 
and  may  form  slender,  straight,  or  recurved  spines, 
cicles  in  the  axils  of  the  primary  leaves  (fig.  59) 


Primary  leaves  develop  alternately 
These  leaves  are  linear  to  spatulate 
Secondary  leaves  develop  in  fas 
They  are  generally  short-lived 


and  often  dry  up  and  fall  away  within  a  few  weeks  (Strother  1974). 

Horsebrush  flowers  are  borne  in  heads  located  singly  or  in  pairs  in  the  upper 
primary  leaf  or  spine  axils  or  are  clustered  in  short,  dense  racemes  or  corymbs  at  the 
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Figui-e   59. — Primary    (A)         lor 
and  secondary    (B)    leaves    - 
on  Nuttall  horsebrush 
(T .    nuttalliij.  Speci- 
men growing  in  Antelope 
Valley,   Sanpete  Co., 
Utah. 
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ips  of  branches.   Each  head  contains  from  4  to  9  yellow  disc  flowers.   Ray  flowers  are 
acking.   Four  to  6  equal  involucral  bracts  with  overlapping  sides  subtend  each  head, 
'he  pappus  consists  of  numerous  bristles  or  scales  or  may  be  lacking.   The  ovary  of 
ach  flower  develops  into  a  glabrous  to  densely  long-haired  achene. 

This  genus  blooms  from  April  to  August  depending  on  elevation,  climatic  conditions, 
nd  species.   Numerous  small  moths,  bees,  flies,  and  beetles  visit  the  flowers.   Al- 
hough  numerous  potential  pollinators  are  available  and  the  flowers  arc  highly  fertile, 
eedlings  are  not  commonly  seen  in  nature.   This  is  probably  due  to  the  harsh  cnviron- 
ent  in  which  Tetvadymia   is  usually  found  (Strother  1974).   However,  we  recentl)'  ob- 
erved  many  young  plants  growing  in  a  burned-over  area  near  Wallsburg,  Wasatch  Co., 
tah. 

The  basic  chromosome  number  for  horsebrush  is  a:  =  30,  and  sporadically  in  some 
pecies,  x   =  51.   Polyploidy  occurs  in  the  genus  but  has  only  been  found  in  some  sjiine- 
ess  species  {T.    filifolia,    T.    aanescens,    T.    glabrata) .      Strother  (1974)  found  no 
orrelation  between  either  geography  or  elevation  of  populations  and  their  chromosome 
umber.   He  only  rarely  found  variation  of  chromosome  numbers  within  colonies. 

Horsebrush  provides  some  critically  needed  ground  cover  in  the  dry,  sparsel)' 
egetated  desert  ranges  where  it  grows.   Although  several  species  are  poisonous  to 
heep  and  have  caused  losses  of  thousands  of  animals  in  Utah  and  Nevada,  horsebrush 
s  browsed  particularly  heavily  during  winter  and  early  spring  on  desert  ranges  and 
vergrazed  areas  where  little  else  may  be  available  this  time  of  year.   Most  severe 
osses  have  occurred  when  hungry  animals  have  been  trailed  from  winter  to  summer 
anges  through  stands  of  horsebrush  without  allowing  the  animals  a  chance  to  graze 
ther  plants  (Kingsbury  1964).   Considerable  variation  in  toxicit)'  within  and  between 
pecies  of  Tetrachjmia   has  been  noted  (Johnson  1974a,  1974b).   Hopefull)',  through  care- 
ul  selection  and  study,  palatable  atoxic  forms  may  be  discovered  and  developed. 

Four  horsebrush  species  (T.    aanescens,    T.    glabrata,   T.    nuttallii ,    and  T.    svinosa) 
re  quite  common  in  the  Intermountain  area.  T.    axillaris,    a  spiny  species,  occurs  on 
he  edge  of  the  Intermountain  area  in  scattered  populations  from  southwestern  Utali  to 
outhern  California.   Two  other  species  are  found  southwest  of  the  Intermountain  area: 
•  argyraea    (southeastern  California),  and  T.    oomosa    (southern  California  and  Baja  Calif- 
ornia) (Strother  1974). 

Tetradymia  canescens  DC.  (Gray  horsebrush*) 

Gray  horsebrush  is  a  spineless,  much  branched  shrub  up  to  8  dm  high  (fig.  bO) . 
he  branches  are  covered  with  a  thick  tomentum  interrupted  by  glabrous  to  woolly 
treaks  running  down  the  stem  internodes  from  the  base  of  the  primary  leaves. 

The  primary  leaves  are  linear-lanceolate  to  spatulate,  1  to  3  cm  long,  2  to  4  mm 
ide,  and  are  covered  with  a  gray  canescent  to  tomentose  vestiture.   The  secondary 
eaves  are  shorter  and  narrower  than  the  primary  leaves,  but  are  otherwise  similar  to 
hem. 

Flower  heads  are  borne  on  the  tips  of  numerous  short  branches  in  corymb- like 
lusters.   Each  head  contains  4  light  yellow  to  cream  disc  flowers.   lour  lanceolate 
r  ovate  to  oblong,  canescent,  involucral  bracts  subtend  each  head.   'I'he  achencs  are 

to  4  mm  long  and  may  be  glabrous  or  hairy.   The  hairs  when  present  are  shorter  than 
he  abundant,  well-developed  pappus  of  bristles. 


^Other  common  names  include  spineless  horsebrush  and  lilack  sage. 
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Figure  60. --Gray  horse- 
brush   (T.  canescens) 
growing  at    Wahsatah 
Station  J    Summit  Co.j 
Utah. 


This  species  begins  flowering  about  mid-June  in  the  northern  part  of  its  range 
(southern  British  Columbia  and  northeastern  Washington)  and  progresses  southward  to 
San  Bernardino  County,  California,  and  northern  Arizona  where  it  blooms  in  late  July 
or  early  August  (Strother  1974).   Cleaned  seed  average  305  per  gram  (140,000  per 
pound) . 

Hybridization. --Gray   horsebrush  is  a  polyploid  species  with  some  aneuploidy  at  the 
diploid  level.   Sporadically,  specimens  with  2n  =  62  chromosomes  are  found  in  diploid 
populations  (2n  =  60).   Triploid  (2n  =  90)  and  tetraploid  (2n  =  120)  numbers  are  also 
known.   Both  diploid  and  triploid  colonies  are  located  throughout  much  of  the  range  of 
T.    oanescens    (Strother  1974). 


Suggested  hybrids  between  T.    canescens   and  T.    glabrata   have  been  found  in 
southern  Idaho  where  the  flowering  period  of  these  two  species  overlap  (Strother  1974) , 
A  form  with  shorter  and  broader  leaves,  called  T.    inermis ,    occurs  in  Colorado,  and 
plants  intermediate  between  this  form  and  the  normal  T.    canescens   are  as  common  as  the 
extremes  (Harrington  1954) . 

Distribution  and  habitat .- -The   type  locality  for  gray  horsebrush  is  reported  to  be 
the  Columbia  River  (Abram  and  Ferris  1960).   It  is  widespread,  however,  throughout  the 
Great  Basin  and  adjacent  areas,  on  dry  plains,  hills,  and  ridges  from  southern  British 
Columbia,  Montana,  Idaho,  and  Washington  southward  to  New  Mexico,  Arizona,  and  Califor- 
nia between  elevations  of  400  and  3,300  meters  (1,300  and  10,800  feet).   Throughout  its 
range  it  is  associated  with  the  sagebrush,  pinyon- juniper,  and  yellow  pine  vegetation 
types  (Strother  1974). 

Use. --This   species  is  generally  regarded  to  be  low  in  palatability  to  most 
animals  and  may  be  poisonous  if  large  quantities  are  consumed.   Nevertheless,  buds 
and  young  leaves  are  frequently  browsed  during  spring  and  fall  months  by  sheep,  goats, 
antelope,  and  deer.   Cattle  graze  T.    canescens   fairly  heavily  in  some  areas  in  Nevada. 
This  shrub  probably  has  merit  for  establishing  cover  on  severely  depleted  soils,  such 
as  mine  spoils. 

Tetradymia  glabrata  Torr.  &  Gray  (littleleaf  horsebrush) 

Little-leaf  horsebrush  is  a  compact,  heavily  branched  shrub  up  to  12  dm  high. 
The  vestiture  of  its  young  stems  resembles  that  of  gray  horsebrush  by  having  glabrous 
to  slightly  floccose  streaks  along  the  internodes  below  the  primary  leaves.   These 
streaks  interrupt  the  otherwise  feltlike  tomentum. 
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The  primary  leaves  are  more  or  less  appressed,  linear-subulate,  0.5  to  1  cm  long, 

and  terminate  in  mucronate  or  spinose  tips.   Their  vestiture  is  glabrate  to  sparsely 

floccose.   The  secondary  leaves  are  linear-filiform  to  slightly  clavate,  3  to  10  mm 
long,  and  glabrous.   They  terminate  in  blunt  tips. 

Flower  heads  are  arranged  in  compact,  corymb-like  clusters  terminating  the  brandies. 
Four  glabrous  or  canescent,  lanceolate  to  obovate,  involucral  bracts  subtend  eacli  licad 
rtfhich  contains  four  golden  yellow  to  cream  disc  flowers.   Slender,  densel)'  liairy  achenes, 
3  to  4  mm  long,  are  produced.   The  achene  hairs  overlap  and  blend  with  the  Insist  ly  iia])pus 
but  do  not  obscure  it. 

The  flowering  pattern  of  this  species  is  just  the  opposite  of  gray  horselirush. 
Little-leaf  horsebrush  begins  flowering  first  during  late  April  in  the  southern  part 
Df  its  range  in  the  Mohave  Desert  and  progresses  northward  to  Idaho  where  it  flowers 
in  mid-June  (Strother  1974).   Seeds  on  the  average  are  slightly  larger  than  tliose  of 
T.    canescens. 

Hybridization. --Tetradymia  nlabrata   resembles  T.    canescens   in  being  a  polyploid 

species.   Populations  of  this  species  with  diploid  {2n   -   60)  and  hexaploid  (2n   =  180) 

numbers  have  been  found.   Sporadic  aneuploid-diploid  (2n  =  62)  individuals  occur 
(Strother  1974) . 

Distribution  and  habitat .  --Little- leai'   horsebrush  is  most  abundant  in  the  sage- 
brush desert  of  the  Great  Basin  but  is  found  scattered  in  dry  open  places  in  foothills 
associated  with  sagebrush,  creosote  [Larrea  tridentata) ,   Joshua  trees  (Yucca  brevi folia) , 
and  pinyon  and  juniper  trees  from  eastern  Oregon  and  western  Idaho  southward  to  north- 
eastern California,  Nevada,  and  Utah  between  800  and  2,400  meters  (2,600  and  8,000 
feet).   Its  type  locality  is  reported  as  the  Sierra  Nevada  (Abrams  and  Ferris  1960). 

Use . --Tetradymia  glabrata    is  not  ordinarily  palatable  to  livestock.   However,  on 
Dvergrazed,  depleted  rangelands  where  more  desirable  browse  is  not  available,  this 
plant  may  be  consumed.   If  large  enough  quantities  are  eaten  in  the  spring  when  plants 
are  most  toxic,  poisoning  may  result. 

Johnson  (1974a)  reported  an  extremely  variable  hepatotoxic  response  of  sheep  to 
T.    glabrata   and  found  that  plants  in  the  same  stage  of  development  from  different 
localities  varied  in  their  toxicity.   This  variation  should  allow  use  of  less  toxic, 
more  palatable  forms  that  may  have  potential  use  in  revegetation  of  the  harsh,  arid 
sites  where  Tetradymia   grows.   Johnson  (1974bl  stated  that  prior  consumption  of 
Artemisia   species  (^4.  nova   and  A.    tridentata)   might  be  necessary  for  expression  of 
toxic  effects  of  T.    glabrata    (bighead/photosensit izat ion) . 

Tetradymia  nuttallii  Torr.  &  Gray  (Nuttall  horsebrush) 

This  species  is  a  rigidly  branched,  spiny  shrub  to  12  dm  high.   Its  young  stems 
are  woolly-canescent  with  glabrescent  streaks  along  the  internodes  below  the  spines 
(primary  leaves).   The  stems  become  glabrate  in  age. 

The  primary  leaves  transform  into  straight  or  recurved  spines  0.5  to  2.5  cm  long 
(fig.  61).  The  sparsely  tomentose  to  nearly  glabrous  spatulate,  secondary  leaves  arc 
1  to  2  cm  long  and  are  borne  in  fascicles  in  the  axils  of  the  spines. 

Heads  containing  4  bright  yellow  disc  flowers  each  are  arranged  into  terminal, 
compact,  corymb-like  clusters.  Four  linear-oblong  involucral  bracts  4  to  8  mm  long 
subtend  each  head.   The  densely  white-hirsute  to  tomentose  achenes  are  4  to  6  mm 
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Figure   61. — Spines    (arroWj 
on  Nuttall  horsebrush 
(T .   nuttalliiy*.  Speci- 
growing  in  Antelope 
Valley 3   Sanpete  Co., 
Utah. 


long.   Blooming  occurs  from  late  May  to  early  July, 
than  those  of  T.    canescens. 


Seeds  are  about  50  percent  larger 


Hybridization. --Only   diploid  (2n  =  60)  populations  have  been  reported  for 
T.    nuttallii    (Strother  1974). 

Distribution  and  habitat . --"Hutt all   horsebrush  occurs  in  the  badlands  of  south- 
western Wyoming  and  in  dry  barren  hills  and  plains  of  northeastern  Nevada,  northern 
half  of  Utah,  and  northwestern  Colorado  between  1,300  and  2,100  meters  (4,300  and 
6,900  feet)  in  elevation.   It  is  usually  associated  with  sagebrush  and  shadscale 
vegetational  types. 

Use . --The   spiny  growth  habit  precludes  much  use  by  animals  except  for  cover.   It 
contributes  to  the  vegetal  cover  in  dry,  hostile  environments. 

Tetradymia  spinosa  Hook.  &  Arn.  (spiny  horsebrush^) 

Spiny  horsebrush  is  a  compact  or  spreading,  much-branched  spiny  shrub  to  12  dm 
high.   Unlike  the  other  horsebrushes  mentioned  in  this  paper,  the  dense,  evenly  pannose 
vestiture  of  the  young  stems  is  uninterrupted  by  streaks  and  is  persistent  as  the  stem^ 
age. 

The  primary  leaves  transform  into  stiff  recurved  spines  5  to  20  mm  long.   Fascicl( 
of  essentially  glabrous,  linear  to  narrowly  spatulate,  secondary  leaves  3  to  15  mm 
long  develop  in  the  axils  of  the  spines. 

Flowering  heads  are  produced  singly  or  in  pairs  on  short  peduncles  1  to  1.5  cm 
long  in  the  spine  (primary  leaf)  axils  formed  the  previous  year.   The  heads  usually 
contain  6  pale  to  bright  yellow  disc  flowers.   Five  or  6  oblong  to  ovate,  conspicuously 
tomentose,  involucral  bracts  8  to  12  mm  long  subtend  each  head.   The  achenes  are  covered 
with  long  white  woolly  hairs  that  more  or  less  conceal  the  pappus  of  small,  white, 
slender  scales.   Blooming  normally  occurs  during  May  and  June,  but  may  extend  into 
August . 

Hybridization. --Only   diploid  (2n=  60)  populations  of  T.    spinosa   have  been  re- 
ported (Strother  1974) . 


I 


^Other  common  names  include  cottonthorn  horsebrush  and  catclaw  horsebrush, 
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Figure  6'^. --Flower  head  of 
snakeweed   fX.  sarothraeJ 

illustrating  ray  flowers 
(arrow).      Specimen  growing 
at   Wahsatch  Station,    SiM-nnit 
Co.,    Utah. 
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Distribution  and  habitat . --This   species  is  scattered  tlirout'.lHiut  the  Great  Basin 
and  adjacent  areas  from  southwestern  Montana  across  Idaho  to  southeastern  Oret;t)n  and 
southward  to  northwestern  New  Mexico,  Utah  Nevada,  and  eastern  California.   In  these 
areas,  sjiin)'  horsebrush  occurs  at  elevations  of  850  to  2,400  meters  (2,800  to  7,'.)()0 
feet)  in  alkali  sinks,  and  in  shadscale,  sagebrush,  creosote,  pinyon- jun iper ,  and 
yellow  pine  vegetational  types. 

.yse.--Like  Nuttall  horsebrush,  spiny  horsebrush  is  of  littli'  direct  use  to  animals 
because  of  its  growth  habit.  It  does  provide  cover  for  smaller  animals  and  is  a  useful 
soil  stabilizer  where  it  grows. 


CHARACTERISTICS  OF  THE  GENUS  XANTHOCEPHALUM  '^ 
(MATCHBRUSH,  SNAKEWEED)" 

This  genus  consists  of  perennial  herbs  and  low  suf frutescent  shrubs  (subslirubs) 
with  woody  roots,  crowns,  and  stem  bases.   Its  leaves  arc  ontii'e,  linear  to  narrowl\- 
oblanceolate ,  and  usually  sticky  from  resin  exuded  to  the  surfaces  of  both  leaves  and 
young  stems. 

Numerous  small  heads  form,  in  loose  or  crowed  terminal  clusters.   Resinous,  im- 
bricated involucral  bracts  with  thin  membranous  margins  and  g.i'cen  tips  subtend  each 
head.   A  few  yellow  ray  and  disc  flowers  are  both  ]iresent  (fig.  (i21  .   The  ra\'  flowers 
are  usually  pistillate  and  fertile  while  the  disc  flowers  are  usually  jierfect  and 
fertile  or  sometimes  staminate.   Pappi  of  several  small  scales  oi-  awns  are  generally 
present,  at  least  on  the  disc  flowers.   Achenes  are  small,  obhnig  or  obovoid,  and 
pubescent.   Blooming  occurs  from  Ma\'  to  October. 

The  basic  chromosome  number  for  Xanthooephalwn    is  x  =  -l  (Soiling  1971;  Pii;kava 
and  Keil  1977) . 


•^°This  genus  has  long  been  known  as  Gutierre:',ia    (Kulfin  1971). 
^^Other  common  names  include  matchwced,  perennial  snakeweed,  broom  snakeweed 
broomweed,  resinweed,  stinkweed,  turpentine  weed,  and  yellow  to]K 
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The  numerous  common  names  for  this  genus  are  perhaps  indicative  of  its  wide  dis- 
tribution.  The  genus  consists  of  about  25  species  scattered  throughout  western  North 
and  South  America.   Only  two  of  these  species,  X.    sarothrae   and  X.    miarocephala,    are 
of  importance  in  the  Intermountain  area.   Other  North  American  species  include  X. 

bractereata,    X.    oalifomica,    and  X.    serothina. 

Matchweed  commonly  invades  depleted  ranges  and  is  considered  an  indicator  of  over- 
grazed rangelands.   Species  in  this  genus  are  generally  unpalatable  and  seldom  grazed.   •' 
When  eaten  in  quantity,  this  plant  is  more  or  less  poisonous  to  sheep  and  goats  (Benson 
and  Darrow  1944;  Kearney  and  Peebles  1960). 

Xanthocephalum  microcephala  Shinners  (small  headed  matchweed'^)  b 

Small-headed  matchweed  is  a  many-stemmed  subshrub  up  to  6  dm  tall.   Its  stems  and 
leaves  are  glabrous  and  resinous.  The  leaves  are  linear-filiform  and  usually  less  than 
1  mm  wide. 

Tiny  heads,  only  3  mm  long  and  1  to  1.5  mm  wide,  occur  singly  or  are  more  often 
arranged  in  small  terminal  cyme-like  clusters.   The  heads  commonly  have  1  to  3  disc 
flowers.   Involucral  bracts  with  yellow  tips  and  prominent  hyaline  margins  surround 
the  heads. 

Hybridization. --Some   authors  consider  X.    microcephala   to  be  a  subspecies  or  variet 
of  X.    sarothrae    (Benson  and  Darrow  1944;  Harrington  1954).   This  species  forms  a  poly- 
ploid series  with  chromosome  numbers  of  2n  -   16,  24,  and  32  (Solbrig  1971;  Keil  and 
Pinkava  1976)  . 

Distribution  and  habitat . --This   species  occurs  between  1,000  and  2,500  meters    ni 
(3,300  and  8,200  feet)  in  elevation  from  Idaho  southward  to  southeastern  California, 
Arizona,  New  Mexico,  Texas,  and  on  into  Mexico.   It  may  be  associated  with  the  sagebrusl , 
pinyon- juniper, . yellow  pine,  and  aspen  vegetational  types.   Type  locality  is  reported 
as  "Saltillo,  Mexico"  (Abrams  and  Ferris  1960). 

Use.-  Xanthocephalum  microcephala   has  poisoned  large  numbers  of  sheep  and  cattle 
under  range  conditions  in  Texas.   It  may  cause  death  in  acute  cases,  but  abortion  is 
more  commonly  the  result  of  poisoning  by  this  species.   As  long  as  the  animals  can  find, 
or  are  provided  with,  sufficient  supplementary  forage,  poisoning  usually  does  not  occur 
(Kingsbury  1964) . 

Xanthocephalum  sarothrae  Shinners  (broom  snakeweed) 

Broom  snakeweed  is  a  subshrub  up  to  7  dm  tall  (fig.  58).   It  has  a  deep  taproot, 
extensive  lateral  roots,  and  a  woody  crown  from  which  grow  numerous,  slender,  erect, 
brittle,  essentially  herbaceous  branches.   The  branches  and  leaves  are  green,  glabrous 
to  puberulent,  and  slightly  resinous.  The  leaves  are  also  punctate,  linear,  2  to  5 
cm  long,  and  1  to  2  mm  wide. 

The  heads  contain  from  3  to  8  ray  and  disc  flowers  each.   Resinous,  often  green-    , 
tipped  involucral  bracts  are  arranged  in  a  series  of  2  to  4  rows  around  each  head  and   j 
many  appear  to  be  in  somewhat  vertical  ranks.   The  bracts  are  3  to  6  mm  long  and  2  to 
3  mm  wide.   Blooming  occurs  from  May  to  October.   Broom  snakeweed  has  3,535  seeds  per 
gram  (1,605,000  seeds  per  pound). 


sinf 
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^^Also  known  as  thread-leaf  matchweed. 
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Hybridization. --XanthocP-phalum  sarothrae   has  a  basic  chromosome  numlicr  of  x  =  4. 
It  is  a  polyploid  species  consisting  most  commonly  of  diploid  [In   =   8)  and  occasionally 
of  tetraploid  (2n  =  16)  populations.   Both  the  diploids  and  the  tetraploids  show  con- 
siderable variation  and  grow  intermixed  through  the  range  of  species  (Harrington  19[>4; 
Solbrig  1971;  Pinkava  and  Keil  1977). 

Distribution  and  habitat. --Qroom   snakeweed  is  the  most  abundant  snakeweed  in  west- 
ern North  America.   Many  ecotypes  have  been  found.   It  occurs  in  plains,  valleys, 
foothills,  and  mountainsides  from  Saskatchewan  and  Alberta  to  southeastern  Washington, 
southward  to  Texas  and  Baja  California.   It  grows  in  a  wide  range  of  soil  types  at  ele- 
vations between  900  and  3,000  meters  (2,950  and  9,850  feet)  and  may  be  associated  with 
such  plants  as  creosote  bush,  mesquite  (Prosopis    spp.),  soapweed  (YucGa   spp.),  rabbit- 
brush,  big  sagebrush,  black  sagebrush,  shadscale,  pinyon- juniper ,  oak  {Quercus    spp.), 
Indian  ricegrass  {Oryzopsis  hymenoides)  ,    grama  grass  [Bouteloua   spp.),  buffalo  grass 
{Buahloe  dactyloides)  ,    and  cheatgrass  (Bromus   tectonm)    (USDA  Forest  Service  1937). 

The  type  locality  of  X.    sarothrae    is  listed  as  the  "plains  of  Missouri  River" 
(Abrams  and  Ferris  1960). 

f/se.--This  shrub  is  a  very  aggressive  invader  into  areas  where  the  climax  vegeta- 
tion has  been  depleted.   It  is  considered  an  indicator  of  range  deterioration  because 
it  is  one  of  the  first  plants  to  invade  when  the  range  has  been  overgrazed  and  often 
becomes  the  principal  plant  cover.   As  such,  it  is  important  in  protecting  the  soil 
against  erosion.   Broom  snakeweed  has  usefulness  as  a  pioneer  shrub  on  other  types  of 
disturbed  areas  as  well.   It  is  not,  however,  competitive  with  other  perennial  cover. 

Throughout  its  range,  X.    sarothrae    is  generally  considered  as  poor  forage  and  is 
grazed  mainly  because  of  lack  of  anything  better.   It  is  a  secondary  or  facultative 
selenium  absorber  (Kingsbury  1964),  and  heavy  use  by  livestock  may  cause  sickness  and 
death  where  it  takes  up  this  chemical.   On  many  areas  it  is  substantially  browsed  by 
livestock  and  game  without  any  obvious  ill  effects.   On  the  winter  ranges  of  western 
Utah  and  eastern  Nevada,  this  shrub  is  rated  as  fair  forage  of  sheep  which  browse  it 
most  heavily  after  growth  begins  in  the  spring  (USDA  Forest  Service  1937) . 
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la.   Head  with  both  ray  and  disc  flowers;  pappus  of  several  to  many  scales 

Xanthocephalum  63 

(matchbrush,  snakeweed) 

2a.   Leaves  linear-filiform,  less  than  1  mm  wide;  heads  tiny,  cylin- 
drical, 1  to  1.5  mm  thick;  ray  flowers  4  to  5;  disc  flowers 

1  to  3 X.   microoephala  64 

(small-headed  matchweed) 

2b.   Leaves  linear,  1  to  2  mm  wide;  heads  larger,  flaring;  ray  flowers 

3  to  9,  disc  flowers  3  to  8 X.    sarothrae  64 

(broom  snakeweed) 

lb.   Heads  with  only  disc  flowers  or  if  ray  flowers  present  then  pappus  of 
capillary  bristles  or  lacking. 

3a.   Pappus  of  capillary  bristles,  at  least  in  part. 

4a.   Involucral  bracts  in  a  single  series Tetradymia  58 

(horsebrush) 

5a.   Stem  vestiture  evenly  pannose;  primary  leaves  forming  rig- 
id spreading  or  recurved  spines;  flowers  5  to  9  per  head; 
involucral  bracts  5  to  6;  heads  solitary  or  paired  in 
upper  axils;  achenes  with  abundant  long  hairs  that  obscure 
the  pappus;  pappus  of  small  scales....      T.    spinosa  62 

(spiny  horsebrush) 

5b.   Stem  vestiture  interrupted  by  linear  streaks;  spines,  if 
present,  not  spreading;  flowers  4  per  head;  involucral 
bracts  usually  4;  heads  arranged  in  corymbose  clusters  at 
ends  of  branches;  achenes  glabrous  or  with  hair  shorter 
than  the  pappus;  pappus  of  numerous  bristles. 

6a.   Primary  leaves  forming  rigid  spines..?',  nuttallii  61 

(Nuttall  horsebrush) 

6b.   Primary  leaves  not  forming  rigid  spines,  but  may  be 
spinu lose- tipped. 

7a.   Primary  leaves  linear-subulate,  0.5  to  1  cm 
long,  mucronate  or  spinulose-tipped;  herbage 

often  becoming  glabrate T.    glabrata  60 

(little-leaf  horsebrush) 

7b.   Primary  leaves  linear-lanceolate  to  spatulate, 
1  to  3  cm  long,  not  mucronate  or  spinulose- 
tipped;  herbage  permanently  canescent  or 

tomentose T.     -anescens  59 

(gray  horsebrush) 

4b.   Involucral  bracts  of  2  or  more  series Chrijsothamnus  36 

(rabbitbrush) 
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Twigs  glabrous  or  finely  puberulent.  Page  No. 

9a.   Flowers  white;  leaves  glabrous  with  copius  resinous 
exudate,  surface  with  small  pits;  alkaline  areas 

from  western  Utah  to  eastern  California...   C.    albidus  39 

(alkali  rabbitbrush) 

9b.   Flowers  pale  to  dark  yellow;  leaves  not  as  above. 

10a.   Achenes  glabrous,  or  glandular  only  at  distal  end. 

11a.   Involucral  bracts  5  to  7  mm  long,  with  thick 

greenish  apical  tips,  not  strongly  alined  into 

ranks C.    vaseyi  53 

(Vasey  rabbitbrush) 

lib.   Involucral  bracts  10  to  13  mm  high,  lacking 
thick  greenish  apical  tips,  strongly  alined 

into  5  vertical  ranks C.    depressus  39 

(dwarf  rabbitbrush) 

10b.   Achenes  densely  pubescent. 

12a.   Involucral  bracts  with  narrowly  acuminate, 

greenish  tips C.    greenei  41 

(Greenes  rabbitbrush) 

12b.   Involucral  bracts  acute  to  obtuse. 

13a.   Heads  somewhat  turbinate,  5  to  6 

flowered,  shrubs  large,  up  to  2.4  m 
tall;  leaves  4  to  8  mm  wide;  involucral 
bracts  thick  with  conspicuous  green 
spots  near  obtuse  apex...   C.    linifolius  42 

(spreading  rabbitbrush) 

I3b.  Heads  narrowly  cylindric,  3  to  5 
flowered;  shrubs  various;  leaves 
often  twisted,  1  to  6  mm  wide 

C.    viscidiflorus 

complex        54 
(low  rabbitbrush) 

14a.   Leaves  and  upper  stems  glabrous. 

15a.   Shrubs  usually  over  5  dm 
tall ,  leaves  1  to  5  mm 
wide,  2  to  5  cm  long; 
usually  with  very  pungent 

odor C.    viscidiflorus 

ssp.  viscidiflorus      57 
(stickyleaf  low  rabbitbrush) 

15b.  Shrubs  less  than  5  dm  tall; 
leaves  1  mm  wide,  1  to  3  cm 
long,  filiform;  odor  various 

r.    viscidiflorus 

ssp.  stenophyllus        57 
(narrowleaf  low  rabbitbrush) 
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14b.   Leaves  and  upper  stems  pubescent.    Page  No. 

16a.   Leaves  2.5  to  6  mm  wide,  1.5 

to  4  cm  long;  involucral  bracts 
without  thickened  greenish  spot 
near  tip;  common  in  mountains 
and  upper  foothills 

C.   viscidiflorus 

ssp.  lanaeolatus  56 

(mountain  low  rabbitbrush) 

16b.   Leaves  up  to  2  mm  wide,  3  cm 
long;  involucral  bracts  often 
with  thickened  greenish  spot 
near  tips;  occurs  on  dry  plains, 
valleys,  and  foothills 

C.    visaidiflorus 

ssp.  puberulus  57 

(hairy  low  rabbitbrush) 

8b.   Twigs  with  often  densely  compacted  tomentum  or  at  least 
tomentose. 

17a.   Bracts  very  attentuate;  inflorescence  mostly 

racemose C.   parryi 

complex      51 
(Parry  rabbitbrush) 

18a.   Flowers  10  or  more  per  head C.   parryi 

ssp.  parryi  53 

(Parry  rabbitbrush) 

18b.   Flowers  9  or  less  per  head. 

19a.   Inflorescence  of  single  or  paired 

head  s C.   parryi 

ssp.  monocephalus  53 

19b.   Inflorescence  racemose  of  several  to  many 
heads. 

20a.   Leaves  with  short-stalked  resin 

glands C.   parryi 

ssp.  asper  52 

20b.   Leaves  lacking  stalked  resin  glands. 

21a.   Upper  leaves  longer  than  inflores- 
cence; flowers  8  to  10  mm  long, 

pale  yellow C.   parryi 

ssp.  howardi  52 

(Howard  rabbitbrush) 

21b.   Upper  leaves  shorter  than  inflores- 
cence; flowers  9  to  12  mm  long, 
clean  yellow. 
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22a.   Bracts  with  straight  tips;      Page  No. 
heads  11  to  15  mm  long 

C.    poy-fijr 

ssp.  attenuatuc  S2 

22b.   Bracts  with  recurved  tips; 
heads  14  to  19  mm  long 
C.    parpijt 

ssp.  nevadensis  53 

f Nevada  rabbitbrush) 

17b.   Bracts  acute  to  obtuse;  inflorescence  mostly  cymose 

C.    nauseosus 

complex         43 
(rubber  rabbitbrush] 

23a.   Leaves  usually  grayish-white;  involucral  bracts 
puberulant  or  tomentose. 

24a.   Leaves  3  to  10  mm  wide,  4  to  8  cm  long; 

bracts  mostly  obtuse C.    nauseosus 

ssp.  salicifolius  4  7 

(mountain  rubber  rabbitbrush) 

24b.   Leaves  3  mm  or  less  wide,  2.5  to  4  cm  long; 

bracts  mostly  acute C.    nauseosus 

ssp.  alhioaulis  45 

(white  rubber  rabbitbrush) 

23b.   Leaves  usually  greenish-yellow;  involucral  bracts 
glabrous. 

25a.   Leaves  1  to  3  mm  wide,  4  to  6  cm  long; 

mildly  ill-scented C.    nauseosus 

ssp.  graveolens  47 

(green  rubber  rabbitbrush) 

25b.   Leaves  less  than  1  mm  wide  2.5  to  5  cm 

long;  strongly  disagreeable  odor 

C.   nauseosus 

ssp.  oonsimilis  46 

(threadleaf  rubber  rabbitbrush) 
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3b.   Papus  lacking Artemisia  3 

(sagebrush) 

26a.   Heads  with  both  ray  Cmarginal)  flowers  and  disc  flowers; 
plants  subshrubs  or  shrubs. 

27a.   Plants  subshrubs;  leaves  2  or  3  times  pinnately 

parted,  silky-canescent ;  widely  distributed  through 
western  North  America,  Siberia,  northern  Asia,  and 

Europe A.    frigida  1 3 

(fringed  sagebrush) 

27b.   Plants  shrubs;  leaves  not  as  above. 

28a.   Branches  spinescent;  leaves  3  to  5  palmately 
parted  with  segments  3-lobed,  white  tomentose, 
deciduous;  occurs  on  dry,  saline  plains  and 
hills  from  northwestern  Montana  west  to  eastern 
Oregon  and  south  to  California,  Arizona,  and 

New  Mexico A.    spinescens  24 

(bud  sagebrush) 

28b.   Branches  not  spinescent;  leaves  not  as  above. 

29a.   Leaves  filiform,  entire  or  ternately 

divided  into  filiform  segments,  silvery- 
white  canescent;  heads  with  2  to  3  ray 
flowers  and  1  to  6  disc  flowers;  occurs 
mostly  in  sandy  soil  from  Nevada  east  to 
western  Nebraska  and  south  to  Texas, 

Arizona,  and  Chihuahua A.    fitifolia  12 

(sand  sagebrush) 

29b.   Leaves  narrowly  cuneate,  mostly  finely 
tridentate,  silvery-canescent ;  heads 
smaller  with  0  to  2  ray  flowers  and  1 
to  3  disc  flowers;  occurs  in  canyons, 
gravelly  draws,  and  dry  flats  from  west- 
ern Texas  to  California A.    bigelovii  9 

(Bigelow  sagebrush) 

26b.   Heads  with  disc  flowers  only;  plants  shrubs. 

30a.   Plants  up  to  5  dm  high. 

31a.   Plants  dwarf,  less  than  2  dm  high. 

32a.   Plants  depressed,  cushionlike  shrubs; 

leaves  2  to  8  mm  long,  pinnately  divided 
into  3  to  11  lobes;  limited  to  calcarious 
desert  soils,  central  and  western  Utah, 
central  and  eastern  Nevada,  and  northern 

Arizona A.    pygmaea  19 

(pigmy  sagebrush) 
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32b.   Plants  with  decumbent,  frequently  layer- 
ing branches;  leaves  often  7>   cm  long, 
deeply  cleft  into  3  linear  lobes;  rock)' 
knolls  from  2,430  to  2,740  m  in  central 
and  southeastern  Wyoming  to  southern 

Oregon A.    tripartita 

ssp.  rupioola  35 

(Wyoming  threetip  sagebrush) 

31b.   Plants  low  from  2  to  5  dm  high  (but  may  be  less) . 

33a.   Heads  axillar}'  and  sessile,  generally  all 
surpassed  by  their  subtending  leaves; 
leaves  deeply  divided  into  3  to  5 
narrowly  linear  lobes;  deciduous 

A   rigida  20 

(stiff  sagebrush) 

33b.   Heads  usually  in  branched  racemose 

panicles  or  if  spikelike,  then  subtending 
leaves  do  not  surpass  heads;  leaves  5- 
to  5-toothed  or  lobed,  cuneate  to  fan- 
shaped,  persistent. 

34a.   Leaves  broadly  cuneate,  deeply  3-lobed 
involucre  broadly  companulate;  flower 
heads  3  to  S  mm  broad  with  6  to  11 
disc  flowers;  blooming  begins  in  mid- 
June;  seeds  2.5  mm  long,  ripening  in 
August;  adapted  to  heavy,  highly 
impermeable,  alkaline  soils  from  1,800 
to  2,450  m  from  southwestern  Montana 
to  northwestern  Colorado,  Utah, 
Nevada,  Idaho,  and  Oregon 

A    longi lobe  1 6 

(alkali  sagebrush) 

34b.   Leaves  cuneate  to  broadly  cuneate  or 
fan-shaped,  3-  to  5-toothed  or  cleft; 
involucre  narrowly  campanulate;  flower 
heads  and  seed  smaller  than  above; 
blooming  normally  occuring  later  than 
July;  seed  ripen  late  September  and 
October. 

35a.   Leaves  cuneate,  3-toothed  (ujiper 
leaves  may  be  entire),  viscid; 
heads  arranged  in  narrow  spikelike 
panicles;  disc  flowers  3  to  5  per 
head;  corollas  1.8  to  3  mm  long; 
involucral  bracts  glabrou''  or  ncarl\' 
so;  plants  usually  dark  green  witli 
persistent  red-brown  inflorescent 
stalks;  occurs  on  dry,  shallow, 
rocky  soil  between  1,300  and 
2,400  m  in  most  western  States 

A.    nova  17 

(black  sagebrush) 
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35b.   Leaves  broadly  cuneate  or  fan- 
shaped,  3-  to  5-toothed  or  cleft 
(upper  leaves  may  be  entire),  not 
viscid;  heads  arranged  in  narrow 
racemose  panicles;  disc  flowers  5 
to  11  per  head;  corollas  3  to  4  mm 
long;  involucral  bracts  canescent; 
plant  usually  lighter  in  color  than 
above;  distribution  similar  to  A. 
nova   but  offset  to  the  northwest, 
usually  found  at  somewhat  higher 
elevations  in  more  moist  habitats 

than  ^.  nova A.    arbusaula  6 

(low  sagebrush) 

30b.   Plants  usually  over  5  dm  high  (39b  and  42b  provide  most 
exceptions  to  5  dm  height). 

36a.   Leaves  silvery-canescent ,  linear  to  linear- 

oblanceolate,  mostly  entire  (occasionally  with 
a  few  irregular  teeth) ,  or  leaves  deeply  divided 
into  3  or  more  linear  or  linear-oblanceolate 
lobes. 

37a.   Leaves  entire  or  occasionally  with  1  or  2 

irregular  teeth  or  lobes A.    oana  10 

(silver  sagebrush) 

38a.   Leaves  2  to  8  cm  long,  1  to  10  mm 

wide,  densely  silky-canescent ;  heads 
arranges  into  dense  leafy  panicles; 
occurs  mostly  east  of  the  Continental 
Divide  from  southern  Canada  to 

northern  Colorado A.    oana 

ssp.  oana  12 

(silver  sagebrush) 

38b.   Leaves  smaller  than  above  {u]i   to  7  cm 
long,  1  to  5  mm  wide)  and  often  crowd- 
ed into  dark-green  clusters;  heads 
arranged  into  dense,  short  raceme  or 
spikelike  inflorescences;  occurs 
mostly  west  of  the  Continential 
Divide  from  southwestern  corner  of 
Montana  to  Arizona  and  New  Mexico 


A.    oana 

ssp.  visoidula  12 

(mountain  silver  sagebrush) 

37b.   Leaves  typically  deeply  divided  into  3 
linear  or  narrowly  lanceolate  lobes 

which  in  turn  may  be  3-cleft 

A.    tripartita  34 

(threetip  sagebrush) 
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Paije  Ho. 

39a.   Plants  freely  branchiiij',  shrubs  uj.  to 
2  m;  leaves  1.5  to  4  cm  loiit^,  decpl>- 
divided  into  3  linear  lobes,  eacli 
less  than  1  mm  wide;  occurs  on   dry, 
well-drained  soils  from  900   to  1,800 
m  from  British  Columbia  south  to 
northern  Nevada,  northern  Utah,  and 

western  Montana A.    tripartita 

ssp.  ti'ipar'til  a  3S 

(tall  threetip  sagebrush) 

39b.   Plants  dwarf  shrubs  witli  decumbent, 
often  layering  branches;  leaves  up 
to  5  cm  long,  deeply  divided  into 
linear  lobes  1  mm  or  more  wide; 
occurs  on  rocky  knolls  from  2,430 
to  2,740  m  in  central  and  soutli- 
eastern  Wyoming  to  southern  Uregon 

A.    ti'ipai'tita 

ssp.  imp  i  col  a  3.S 

(.Wyoming  threetip  sagebrush) 

36b.   Leaves  not  silvery-canescent ,  narrowly 
lanceolate  to  broadly  cuneate  or  fan- 
shaped,  tyi^ically  3-toothed  or  lobed 
(upper  leaves  may  be  entire) . 

40a.   Plants  low-growing,  f lat-tojiped  shrubs  up  to 

8  dm  high;  leaves  somewhat  viscid;  heads  occur- 
ring singly  or  occasionally  up  to  3  arranged 
in  short  interrupted  spike  or  racemclike  in- 
florescences; heads  large  witli  up  to  20  disc 
flowers  each;  occurs  in  high  mountainous  areas 
of  central  Colorado,  western  Wyoming,  Utali, 
central  Sierras  of  California,  and  'Jarson  Range 

of  Nevada A.    yotliroakii  23 

(timber line  sagebrush) 

40b.   Plants  ranging  from  dwarf  to  tall,  arborescent 
forms  up  to  4.5  m;  leaves  not  viscid;  inflores- 
cences of  numerous  lieads  arranged  into  leafy 
panicles;  heads  smaller  with  3  to  8  disc  flowers; 
most  widespread  and  common  siirub  of  western  North 

America 4.  trident  at  ii      2(i 

(big  sagel)rush) 

41a.   Plants  uneven-tojiped  shrulis  witii  flowering 
stalks  arising  throughout  the  crown;  leaves 
narrowly  lanceolate  to  cuneate;  odor  of 
crushed  leaves  pungent . 
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42a.  Mature  plants  often  arborescent 

(with  single  trunklike  main  stem), 
usually  from  1  to  2  m  but  in  some 
forms  up  to  4.5  high;  leaves 
narrowly  lanceolate  with  margins 
not  curving  outward;  average  per- 
sistent 5.6  times  its  width; 
blooming  starts  in  late  August  or 
September;  odor  strongly  pungent; 
normally  occurs  below  2,100  m  in 
dry  deep,  well-drained  soils  on 
plains,  valleys,  and  foothills 

A.    tridentata 

ssp.  tridentata  30 

(basin  big  sagebrush) 

42b,   Mature  plants  with  several  main 
branches  usually  less  than  1  m 
high;  leaves  narrowly  cuneate  to 
cuneate  with  margins  curved  out- 
ward; average  persistent  leaf 
length  is  3.1  times  its  width; 
blooming  starts  in  late  July  or 
August,  odor  pungent;  occurs 
on  dry,  shallow,  gravelly  soil 
from  1,500  to  2,100  m 

A.    tridentata 

ssp.  wyomingensis  33 

(Wyoming  big  sagebrush) 

41b.   Plants  usually  even-topped  shrubs  with 
flower  stalks  arising  from  upper  crown 
portions;  leaves  broadly  cuneate  to 
spatulate;  average  persistent  leaf 
length  is  4.0  times  its  width;  blooming 
may  begin  in  July;  odor  slightly  pun- 
gent to  pleasantly  mintlike;  occurs 
from  1,400  to  3,000  m  in  deep  well- 

drained  soils A.    tridentata 

ssp.  vaseyana  31 

(mountain  big  sagebrush) 
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RESEARCH  SUMMARY 


riiis  paprr  iircscnts  li)nnul;ii' lablcs,  :mil  I  i,!;urcs  lh;it  ciinlx-  uscil  tncsli  iiuilc 
llu'  ratio  oi'  moan  wimlsiK-cil  acliii)4  on  l.lu'  llaiiie  Irom  a  s|)i-''a(li:i;j,  wildland  life 
U)  lliL'  iiu'an  wiinlspcod  'J.()  11  ((>  ni)  above  Llu'  VL'^clalion  rover.  Tlic  lornuilac  arc 
based  upon  Uk'  logarithmic-  windspe'ed  vaiiation  law  eliaraeleiistie  ol  eonslant 
shear  turbulent  tlow,  and  are  restricted  to  tlat  terrain  with  unilorm,  continuous 
vegetation  cover. 

Byetiuating  integrated  bulk  drag  due  to  erown  foliage  to  the  shear  stress  at 
the  top  ot  the  erown  layer,  a  model  lor  relating  windspeetl  within  and  below  a 
unitorm  lorest  canopy  to  winds|)eed  Hil  It  ((i  m)  over  the  canopy  is  developed. 
Important  varialjles  in  this  model  include  stand  height,  crown  closure,  loliar 
surface  volume  ratio,  and  crown  bulk  density.  Comparison  of  model  predictions 
with  reported  t'xperimental  measurements  shows  good  agreement. 
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INTRODUCTION 


The   bc'liavior   of    fire    in    wildlaiul    fuels    is    influeiieed    streiii'.ly    by    the    u  i  lul    ael  iiiv, 
III   the    fire.       Predietini',    fire   behavior    for    f  i  i-e   eoiitrol    planninp,   or   prepa  i- i  n;.'.    fu  rn  i  ii;,'. 
rcscriptions   must     inelude    tliis    iiifliieiiee.       Rothei'iiiel     (l'.)~J)    cives    a    mat  hcm.i  t  i  ea  1    nKuKI 
or   prediet  ini:    the    rate   of    spread   of   a    surface    i'ire    in    \\ildland    fuels.       Ihis    i;iodrl    usi-; 
n   average    windspeed    "at    niidflaine    hei!;ht"    to    account     l"oi-    t  lie    inl'ha'nco   of   wind    on    1  lie 
ate   of   sjiread.       But    windspeed    is    usuall\'    measured    o)-    forecast    at    a    standard    hi-i'dit    .'n 
t    (d   m)    above   tlic    vci^etation    (1  iseher    and    llard\'    I'JTJ),    and    varies    with    iioijdit    and    ve,-,',- 
tation    cover.       The   poorlx'   defined    "in  i  d  f  I  ami-"    i\  i  nilspi.'(.'d    can    lu'    approximated    b\-    usin;',   a 
patiall)'    averaged    value   of   the   w  i  nelspeed    over   an    appropi- i  at  t'    liei.dit     ranj'.e. 

Presented   here    is   a   means   of   est  imat  i  nv,    t  lie   wiiKls|ieed    ovei'   various   uildland    fuel 
\"].:)cs    from   the   "standard"    uinds[ieed    at    20    ft    abo\'.-    the    voyotatixe   cover.       The    i-eport 
s    divided    into    two   major    sections.      The    first    deals    with    the    wind    above   a    \'(,'.'ct  a  t  i  ve 
over    that    is    a    s  ini^le-stratum    fuel     (t^i'ass,    brush,    etc.  |.       iho    second    part    di'als    i\  i  t  h 
ind   under   a    forest    canoiiy.      The   windspeed   at    the   top   of   the    forc>st    eanopv    is    found   h\- 
se   of   a    logarithmic    wind    ])rofile.       Windspeed    beneath    the    caiu)p\'    la>'ei-    is    estimated    fi-om 
he   canop_v-top   value   by   use   of   a   model    basei_l    on   mechanical     force    balance. 

This    reseai'ch    repioi't    deals    onl\'    with    the    steai.!)',    undisturbed    ivindfield    and    its    in- 
luence   on    fire    in    surface    fuels.       No   account    is    taken   of   the    influence   of   the    fire   on 
he   windsjieed,    wind   direction,    or   the   profile   of  windspeed   with   heisdit.       1  lu't  iieniiort> , 
lat    terrain    and    uniform   continuous    veijctation    co\er    are   assumed. 

These    restrictions    clearl>'    limit    the   a|''pl  i  cab  i  1  i  t  >'   of   the    I'esults,    but    even    the 
xtent    and   severit)'   of   the   restrictions    is   uncertain.      Rothermel's   model     implicit  1> 
ccounts    for    local    (near-flamel     influence   of   the    fire   on   the   windfield.      At    what     ml  en- 
it}'   or    size    the    fire's    influence   on    the    pi-evailini;    windfield    becomes    s  i  lmi  i  f  i  cant    can 
nly   be   estimated   b>'   order-of -mayn  i  tude   arjniments   at    present.       lutun.-    I'esearcli    should 
elp   to   clarif)'   this    situation. 

The   restriction   to    flat    terrain   can    pi'obably   be    relaxL'd    to   "smooth"   oi'   "s  1  i '.Tit  1  >• 
nevcn"   terrain,    but   numerical    descriptions    of   adequate   "I'latness"   are   not    |iresi_Mit  1  >■ 
vailablc.      Similar   considerations   apply   to   the   uniformit}'   and   continuil\-   of   \  e'.',et  a  t  i  on 
over   required,    and   these   matters   are   under    stud}'    in    the    field   of  applicwl   iiu't  eoro  1  o;.',}' 
Bergen    1976). 

With   these    restrictions    in   mind,    this   effort     is    seen   as   a    small    fii'st    ste|i    in    the 
irection   of   a   more   comjilcte   description    of   the   complex    phenomena    with    i^liich    we   are 
eal ing. 


LOGARITHMIC  WIND  PROFILE 


The  windspeed  above  a  vegetative  cover  was  determined  b}'  using  the  loivirithmic  wind 
rofile  in  the  following  form  (Sutton  l'J5.^,  p.  J3'.)): 


^z   K 


•(■?) 


where 


I 

■ 


U   is  the  average  windspeed  at  height  z 

z 

U^   is  the  friction  velocity  (U^  =  /x/p,  t  is  the  horizontal 
shear  stress  and  p  is  air  density) 

K  =  0.4  (the  von  Karman  constant) 

z  is  height  above  ground 

D  is  the  zero-plane  displacement 

z  is  the  roughness  length. 

The  values  for  D  and  z  were  taken  from  the  works  of  Cowan  (1968)  and  Stanhill 
o      o 

(1969).   Figure  1,  taken  from  Stanhill,  shows  a  plot  of  D  versus  vegetation  height. 

The  plot  agrees  with  the  relationship  D  =  0.64H  derived  by  Cowan,  where  H  is  the  veg^i 

tation  height.   The  derived  relationship  was  based  on  z  =  0.13H  as  found  by  Tanner 
and  Pelton  (1960). 
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Fig.    1. — Relationship  between  zero-plane  displacement  Dq  and  vegeta- 
tion height  H  for  different  vegetation  types   (after  Stanhill  1969). 


WINDSPEED  AT  THE  TOP  OF  THE  VEGETATION  COVER 


To    pi-L-dict    uilJland    1"  i  ix-    l)cli;i\- i  of ,     t  ho    "st  ;iik1;i  I'd"  'viinls|K-ud    ,it     Ji)    Ct     must     \n- 

invertoJ    to    j    wiluo    ropi-osont  i  mj    tlio    :ictn;il    motion    of  tin-    ,i  i  r    in    t  ho    v  ic  i  n  1 1 -.■    of    t  h 

lel    .-ind    n;nm>    st  fnctiit-o .       As    n    fn-st    strp.    wo    rol.itoJ  th.'     'd-IT    w  Muh.poo!    Ml,      ,,: 
)    tho    wimlsporj    ;it    tin-    top    of    tin-    \'o;.'ot  ,i  t  i  on    (II     l.  '" 

The    rclat  i  oiish  L|i    hctWLOii    II      and    U  ,  is    thon: 


,,                .,    .^,^         I  20+H    -    rj.64H  1  ,.        ,,  ,    .       ,. 

20+H   "i^*'^'-'    ''"r'"0''lTH I  "^''         !iio.-isui-od    111    U-ot  .  (2) 


Since 


Uh  =  (u,/K)    ■^[^"0-^4^^]^  ^-02  ujr.    '    ujY.  (,r 


Kc   can    \\ritc   equation    (2)   as    follows 

^H  .  1 

U20.H  ^n"^Oj^|" 


WINDSPEED  FOR  PREDICTING  HRE  SPREAD 
IN  SURFACE  FUEL  (  NO  CANOPY  CASE) 


IVitli    tlie    profile   of   windsi)ecd    variation    dcl'iiied,    we    need    onI>'    1.T100S0    an    appi'opi' i  at  o 
'iylit    rani;e   over"   \viiich    to    avei'ai;e   to    obtain    a    I'o  1  at  i  on-Ti  i  p    iKTi-.eon    "ni  i  d  f  1  aiiio"    ivindsprod 
id    vvindspced    at    2(l    ft    above    tlie    fuel     siii'faLe.       Ion    this    piii'po^c    hero    \\o    assume    t  !iat     the 
.ame    extends    to    some    liei,i;lit    aliove    tlie    surface    xcL'.etation    and    ,i\cra;.'e    the    uind^pood    bo- 
j'ecn    tlic    top   of   the    vegetation    ami    this    hciidit. 


Consider  an  average  windspeed  over  the  height  range  H  to  H 
extension  of  the  flame  above  the  fuel  bed. 


+  H„,  where  H  is  the 
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Hp  K 
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dz 
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let  X  = 


m 


H-,   K    J       '^ 


("1 

X  dx  =  rp  Y~     '^   (fnx-l ) 


z^   U^/z-D. 

0     * 


U  -  Hp   K 


(--?)•■  ('3- 


H  +  H. 


(6) 


Note  that  at  the  lower  limit  (11)  the  value  is  nearly  zero  since: 


'"  \  0.13H  / 


(7) 


Thus  we  find 


-   U^   H  +  Hp  -  0.64H 

"  =  K k- 


■( 


H  +  Hp  -  0.64H 


) 


-1 


^*  /        H 


(8) 


I'aluos    of   II   can    be    calculated    for    \ari(nis    \\  i  luNiieeJ-^    at     (.'(h 
fuels.       Usint;    ctiuatiDii    [2],    ue    fiiul; 


III     ft    over    s  i  ii'j  1  e    --t  rat  iiiii 


'20+H 


1    +   0.36H/H. 


20   +   0.36H 
0".T3H'"" 


■  n 


VH   +   0.36 
O'.TT"' 


The  graph  of  figure  2  can  be  used  to  establish  the  ratio  of  the  "in  i  d  f  I  ame"  wind. peed  to 
the  windsjieed  20  ft  over  the  vegetation  cover  for  various  fuel  heights  II  and  flame 
extensions  II  . 
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Fig.    2. — Average  wiytdspeed  acting  on  <!  flcune  extending  aheDc 
laiger   (vegetation  cover),    due   to   log  i.rindsi'ced  vardaLion. 
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GENERAL  USE  OF  THE  LOGARITHMIC  WIND  PROHLE  EQUATIOr^ 

According  to  several  authors,  the  log-wind  profile  represents  the  actual  wind  pre-, 
file  near  the  surface  of  the  earth  only  under  neutral  stability  condition.   However, 
various  researchers  have  found  that  the  log-wind  profile  represents  the  wind  above  a 
vegetative  cover  (very  rough  surface)  over  a  wide  range  of  atmospheric  conditions.   Fcj 
example,  van  Hylckama  (1970)  reports  that  a  log-wind  profile  represented  the  wind  vara 
ation  above  a  salt  cedar  stand  {Tamarix  pentandra)    for  all  his  afternoon  observations 
and  for  many  night  conditions.   Of  744  data  sets,  only  84  were  too  irregular  for  log- i 
wind  representation.   Oliver  (1971)  found  the  wind  profile  above  a  pine  forest  to  be  ] 

well  described  by  the  logarithmic  form  over  a  wide  range  of  stability  conditions.     ■ 

j 
Apparently,  large  temperature  gradients  cannot  be  maintained  above  a  forest  canog 
due  to  air  movement  through  the  canopy  (Munn  1966,  p.  158)  and  due  to  mixing  by  which' 
the  wind  blowing  over  a  very  rough  surface  reduces  air  temperature  variations  above  thi 
canopy.  Thus  extreme  lapse  or  inversion  temperature  conditions  are  unlikely  to  obtai^i 
over  a  vegetative  cover,  resulting  in  a  broad  applicability  of  the  log-wind  profile. 
However,  we  advise  that  this  form  not  be  used  to  estimate  winds  under  conditions  of 
strong  surface  air  temperature  inversions.  In  summer  this  happens  most  often  at  nigh^jj 
under  clear  skies  with  very  low  surface  wind  speeds.  So  when  wind  represents  an  impoi 
tant  influence  on  fire  behavior,  the  log  profile  usually  is  applicable. 

WIND  UNDER  A  CANOPY 

To  model  the  variation  of  windspeed  with  height  for  air  flow  through  and  under  a 
forest  canopy,  we  make  several  simplifying  assumptions: 

1.  Below  some  height,  z.  ,  near  but  below  the  top  (height  H)  of  the  uniform 
forest  canopy,  the  windspeed  is  approximately  constant  with  height. 

2.  The  foliage  within  the  height  range  from  z  doivn  to  the  bottom  of  the 

live  crowns  at  height  z  provides  a  bulk  drag  force  that  resists  the 
airflow. 

3.  Shear  stress  (equal  to  that  in  the  constant  stress  layer  above)  on  the 
surface  z  =  z  balances  the  integrated  bulk  drag  force  in  the  constant 
speed  layer. 

The  approximate  windspeed  profile  is  thus: 


U(z)  = 


\  0.13H   / 


(U^/K)   i^.n  ^-^--^-^^5— ;        ,     z>z^^ 


^c  '        ^l^^ 


(10) 


The  assumption  of  a  constant  windspeed  beneath  the  canopy  seems  quite  reasonable  accord 
ing  to  various  authors  (Pons  1940,  Geiger  1966,  Shaw  1977).   Now  the  resistance  to 
airflow  in  the  canopy  can  be  expressed  as  a  force/unit  volume,  R,  due  to  drag  on  the 
canopy  foliage  (conifer  needles  in  most  applications).   The  value  of  R  is  given  by: 

R  =  }  P  U^   C^  An,  (11) 


here 

p  is  the  air  density 

1)^  uindspeed  in  canop\' 

C  the  average  drag  coeffieient  (random  foliage  or  i  enta  t  i  t)n  ) 

A  tlic  side  view  area  of  needle  =  tli  (length  ■  diameter) 

n  is  the  average  number  of  needles  pvr   unit  volume 

n  J  1)2  P^  =  P,  the  average  "paeking  ratio"  (kotheriiKd  r.'72  )  (12) 


hus 
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here  ,i  is  tlie  surface-arca-to-volume  ratio  of  a  single  needle.   This  Imlk  i-esistive 
orce,  integrated  over  the  height  range  z   to  z,,,  provides  the  shear  stress  i-euu  i  rement 
T)    tor  the  upper  surface: 

T  =  R  -(z,  -  z;)  (14) 

ince  at  z      the  sliear  stress  is  assumed  to  he  that  of  the  constant -shea  r  layer,  we  have 


T  -  f) 


Ut  (15) 


nd  so 


rom   this    last    expression   and   e(|uation    (3)    we    find 

{y%f   -   2.K7(cp  v.    (z,   -   z,,^))  (17) 

or  a  uniform  stand  of  nearly  identical  trees  ue  can  replace  z,,  -  ;:   In'  ll-(t'l\)  uhei-e  II 

^  '        M      111 

s  tree  height  and  CR  is  the  crown  7'atio.    Likewise,  the  average  packing,  i-atio,  y  , 
an  be  expressed  as 

F  =  F;i  (18) 

liere  g  is  the  packing  ratio  for  a  single  tree  ci'own  and  1  is  the  fraction  of  the  canop>- 
aver  filled  with  tree  crowns.   The  fraction  I'  is  to  be  approx  iiiiatetl  b_\-  the  product  o\' 
rowii  closure  and  a  fraction  accounting  for  the  taperiiu',  o  t'  ci'owns  tliat  I'esults  in  addi- 
ional  void  volume  higher  in  the  canopy.   I'inall}',  the  product  i^i'   1  and  CK  can  be 
epresented  by  f,  a  fraction  that  represents  the  portion  of  volume  under  tlie  canopy 
op  that  is  filled  witli  tree  crowns. 
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Typical  cro\^m  ratios^  are  displayed  in  table  1.   The  fraction  of  the  canopy  layer 
that  is  occupied  by  tree  crowns  (F  above)  we  take  to  be  0.4  for  dense  stands  and 
0.1  for  open  stands.   Table  2  gives  the  volume- filling  fractions  {f   above)  resulting 
from  the  products  of  the  crown  ratios  of  table  1  and  these  closure  factors.   In  terms 
of  the  volume  fraction,  f,  equation  (17)  provides  a  relationship  for  the  windspeed  under  j 
the  canopy,  U  ,  and  the  windspeed  at  the  top  of  the  canopy,  U  : 


v% 


hj^/C^liofHj 


V2 


:i9) 


Table  1. --Typical  ovown  ratios,   peroent 


Stand 
stocking 


Shade-tolerant  trees 


Shade-intolerant  trees 


Young 


Mature 


Young 


Mature 


Dense 
Open 


80 
90 


60 
70 


40 
70 


20 
50 


Table  2. --Volume  filling  fractions    (factor  f),   percent 


Stand 
stockins 


Tolerant 


Intolerant 


Young 


Mature 


Young 


Mature 


Dense 
Open 


32 
9 


24 

7 


16 

7 


lenc' 
lef 

itf 


■  Hie 


This  expression  can  be  reduced  to  a  simpler  form  by  using  nominal  numerical  values  for 
the  parameters  that  are  essentially  constant.   The  value  of  K  can  be  taken  as  0.4,  C   is 

approximately  1.0  (Schlichting  1968),  and  the  product  30  can  be  treated  as  a  constant- 


equal  to  3.26  ft 


So  for  H  measured  in  feet, 


).4  /__„2tl 
V(l)(3.26: 


fH 


0.555 
/fH 


(20) 


Values  of  U  /U  for  three  tree  heights  are  given  in  table  3,  based  on  the  f  values  of 
table  2.    "^ 


1  The  authors  are  indebted  to  Dr.  James  K.  Brown  of  the  Northern  Forest  Fire  Labora- 
tory for  providing  these  typical  quantities. 

2  This  is  an  average  value  for  10  Rocky  Mountain  conifers.   Data  were  taken  from  study 
material  by  J.  K.  Brown  (on  file  at  NFFL,  Missoula)  used  in  establishing  crown  foliage 
weight  relationships  (see  Brown  1976) .   The  standard  deviation  of  the  product  30  for 

these  species  is  1.08  ft 
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Table   7i .  --Wt'jidsi'ccd  r'atio   II  /[' 


Stocking 
level 


Tolerant  specie; 


Young  :  Mature 
40'   :   100' 


!\ac  i  f  Lc 
ISO' 


Intolerant  species 

Young  :  Mature  :  Pacific 
40'   :   100'   :   180' 


Dense 
Open 


0.155        0.115  0.084 

0.295         0.210  0.156 


0.22  0         0.196  0.146 

0.552         0.248  0.1 S5 


Three   "typical"   tree   heights   are   used    in   this    talilr   to    represi'iit 
young   stands    [40    ft),    mature    stands    (100    ft)    and   old-growth    Pacific 
Coast    stands    (180    ft).       for   the    latter,    the   crown   ratios   of   "mature" 
stands    from   table   2   were   used. 

Since   U     applies    (almost)    all    tlie   wa\-   to   tlie    ground,    it    is   tlie   "midflame"   windspeed, 

nee   the   "midflame"   windspeed    in    relation   to   the   windspeed    20   ft    over   the   canop)-   can 
found   h_\-   using   ccjuation    (4)    and   choosing   tlie   ratio   U   /U      from   table   5   or   calculating 
from   enuat  ion    (20  )  . 

The   ec|uation    for   calculating   11  _    for   stands   with   arbitrary   values   of   f   and   11    is: 


U^/U2o,H   -    0- 


.555/  .Th     i',n     (( 


20  +   0.36H)    /O. I3H 
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ic  ratio  II  /U,,,  ,,  is  plotted  in  figure  5  for  the  t\'pical  and  extreme  values  of  f 
:abl  e  2  )  . 
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;^7.    o.      Ratio  of  windspceil  Lntliin    (and  hel->^.i)    ffi'r.^!    luni^'ty    ■'■■■   ^':'/i-'.- 
oanopji   toj ' . 


lU'iI  ::()    ft   above 


COMPARISON  WITH  MEASUREMENTS 


Table  4  compares  data  reported  by  Shaw  (1977)  and  Berglund  and  Barney  (1977)  with 
our  calculated  windspeed  ratios  U  /U  from  equation  (20)  using  the  values  of  f  from 

table  2.   Table  5  compares  calculated  values  of  U  /U_„  ,,  from  equation  (21)  and  table  ', 

^  c   20+H 

with  data  taken  from  Fons  (1940),  Raynor  (1971),  and  Allen  (1968).   The  agreement  be- 
tween model  results  and  measurements  is  surprisingly  good  in  all  cases. 


Table  4  .  --Windspeed  ratio    U  /U,, 

c     H 


slot 
from 

defi 
or  1 


U 
-  c 

("h- 

fr 

om 

Species 

Stand 

description    : 

Data  source     : 

Calculated 

:  publ 

ished  data 

Sitka  spruce 
Scots  pine 
Ponderosa  pine 

=  34.5 
=  50.9 
=  70 

ft,  S.T. ,  dense 
f t ,  S.T. ,  open 
ft,  S. I . ,  open 

Shaw 
Shaw 
Shaw 

(1977) 
(1977) 
(1977) 

0.167 
0.259 
0.297 

0.16 
0.24 
0.34 

1 

Japanese  larch 

=  34.1 

ft,  S.  1.  ,  open 

Shaw 

(1977) 

0.559 

0.36 

1 

Black  spruce 

=  11.5 

f t ,  S.T. ,  open 

Berglun 
Barney 

d  f, 
(1977) 

0.619 

0.63* 

I 

*p.  10,  Table  2,  ratio  of  slopes  of  regression  equations  relating  windspeeds  within 
and  above  the  stand. 
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Table  S  .- -Windspeed  ratio   U  /U, -.„,,, 
^  a     20+H 


Species 


Stand  description 


Data  source 


Calculated 


-"c/^20.H 


from 

publ ished 

data 


Ponderosa  pine 
Red  U   white  pine 
Japanese  larch 


70    ft,  S. I. ,  open 
34.5  ft,  S. 1.  ,  dense 
34  . 1  f t ,  S.  I .  ,  ojien 


Fons  (1940) 
Raynor  (1971) 
Allen   (1968) 


0.185 
0.119 
0.180 


ave.  0.182 
ave.  0.145 
ave.    0.147 
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APPLICABILITY  OF  RESULTS 


The  numerical  results  derived  in  this  report  ;ire  subject  tn  the  irst  ;  i  el  i  oiis  Ii-.tcxl 
elow.   The  reader  is  cautioned  to  be  certain  that  the  specified  conditions  prevail 
hen  usinj^  tliesc  results. 

1.  Flat  terrain  lias  been  assumed  t  hi-ou.uhout .   If  the  tori-aiii  has  siibstaiiti.il 
lope  or  roughness,  the  windfield  will  reflect  this  fact,  and  substantial  diviaiKnis 
rem  these  results  iiia\'  occuf. 

2.  Adequate  fetch  to  establisli  a  uniform  friction  la\'er  has  been  assumed.   Ihe 
efinition  of  "adecjuate"  fetch  is  the  subject  of  current  research  (Shaw  l'.)77),  so 
umerical  limits  cannot  be  stated  at  this  time.   I'.ut  near  forest  edv.es,  lakeshores, 

r  transitions  in  surface  vegetation  cover,  the  results  given  here  may  not  be  accurate. 

5.   A  "well-behaved"  windfield  is  modeled  In-  the  relationships  herein.   If  the 
indfield  is  not  stead)',  but  fluctuates  s  i  gn  i  f  icant  1  >'  in  speed,  direction,  oi-  both, 
he  friction  layer  will  be  continually  in  a  transient  state  as  it  I'osponds  to  the 
orces  at  pla\'.   During  tlie  periods  of  such  variabilit)'  the  results  given  here  ma\-  imt 
e  appl i cable. 

4.   An\'  interaction  between  the  fire  and  the  windfield  that  substantial!)  influ- 
nces  tlie  speed  or  direction  of  the  wind  should  invalidate  these  results.   Ue  have 
ealt  liere  with  a  windfield  whose  structure  is  dominated  by  the  influence  of  tin.'  veg.eta- 
ion  cover  on  the  friction  la)'er  and  an)'  factor  that  disturbs  this  conditiun  negates 
he  validit)'  of  the  results  given  liere. 
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RESEARCH  SUMMARY 


111  mirscry  and  field  U'sLs  reprt'senliiif;  live  dirici'i-iU  sUidics,    inosL  ol  llic 
varialioii  in  ln'iLi,hl  ^rowtli  or  other  trails  in  any  one  lesl  area  was  amon|4  se- 
edlings within  family  plots.     Of  tiie  useable  genetie  vaiaation  in  tiiose  traits, 
most  (()U-90  pereenl)  was  related  to  differences  among  tlie  parent  ti'ees  within 
stands.     The  remaining  genetic  variation  was  spread  among  geogra|)hic  areas, 
elcvational  zones,  or  stands  within  these  calegoi'ies.     When  differences  among 
the  latter  catagories  were  significant,  usually  no  pattern  in  the  variation  was 
apparent.     Thus,   alllinugh   seedlings  within  families  and  family  means  witliin 
stands  vary  consideraljly,  the  lack  of  differences  among  stand  means,  (;i'  those 
for  broader  geographic  areas,  and  the  absence  of  distinct  variation  i^attei'ns 
suggests  that  inland  western  white  pine  is  fairly  unilorm.     However,   seedLings 
from  high-elevation  parents  (generally  \,:'>7~)  m  or  higher)  were  significantly 
shorter  than  those  of  low-  and  mitl-elevation  i)arents  in  some  low-  or  mid- 
elevation  tests.     Even  when  elcvational  effects  were  not  significant  vei'y  few 
liigh  elevation  families  were  among  the  tallest.     Growth  results  to  date  iniiicatc 
that  only  two  seed  zones  are  needed  in  north  kUUio — a  low  zone  and  a  high  zone 
generally  separated  at  1,  .'>75  m.     Within  the  lower  zone,  trees  witli  good 
growth  potential  can  be  found  in  nearly  all  stands. 
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INTRODUCTION 


Western  white  pine  (Fum::':  inoni'.ii'i'lf;    Doui'.l.)  lias  Urn;'  Ih-oii  an  iiii|H)rtant  coiii|n)ucnt  of 
le  forests  of  north  Idaho,  but  the  introduct  it)n  of  blistci'  nisi  I  '■■,■;;;'•  '  .■■,  •'';'  '  •,  ,'  , 
.C.  i'isch.  ex  Rabenh.  )  and  the  eiisuinj;  losses  to  the  disease  has  dissuaded  land  iiiana- 
n's  from  attempting;  to  manai^c  the  species.   Now,  as  efforts  to  iiroduce  trees  resistant 
)  the  disease  sliow  some  promise,  land  managers  are  ai'.ain  bcj;  iini  i  m;  to  iiulude  white 
Lne  in  their  regeneration  programs.   In  the  long  run,  the  natural  selection  process 
lould  produce  trees  with  sufficient  blister  rust  tolerance  or  resistance  to  allow  natu 
il  regeneration.   lor  the  present  and  near  future,  however,  planting  of  resistant  seed- 
ings  wi 1 1  be  needed . 

Tlie  production  and  utilization  of  resistant  planting  st(_)ck  involves  much  iiioi-c  than 
ist  securing  an  adequate  level  of  resistance  in  a  sufficient  proj'oi-t  ion  of  th(>  sccdlins's 
■)   be  planted.   The  manager  wants  the  seedlings  to  survive  and  grow  on  the  sitrs  \)c   wants 
)  plant  and  he  w'ants  them  to  grow^  at  a  rate  wliich  full\-  utilizes  the  potential  ol"  the 
Lte.   \ttempting  to  achieve  such  an  ideal  match  of  seedling  and  site  is  not  a  r(>alistic 
)al  at  presen.t  because  of  our  lack  of  knowledge  of  both  trees  and  sites.   Also,  the 
)Sts  to  approximate  such  a  match  would  likelv  exceed  the  returns  from  greater  yields 
5  the  limits  of  the  site  are  approached.   The  realistic  goal  foi"  the  pi'esent  is  to 
:tempt  to  achieve  a  balance  that  incorporates  our  present  biological  information  and 
jproximate  costs  with  expected  growtli  rates  and  economic  returns. 

This  pajier  will  discuss  past  and  current  investigations  into  \.iriation  in  i'.rowth 
'  western  white  pine  in  nursery  trials  and  several  exjicrimental  plantations.   The 
inclusions  of  the  research  will  then  be  translatetl  into  guidelines  for  distributing, 
^ed    from  orchards  that  have  already  been  established  and  to  evaluate  alternati\'e 
jsigns  for  future  seeel  orchards. 


PRIOR  RESEARCH 


During  the  i>ast  20  >'ears  several  reports  on  variation  in  western  white  pine  ha\'e 
)peared.   Scjuillace  .and  Bingham  (1958)  ojiened  the  series  with  a  report  of  "local  i.cd 
;otypic  variation"  based  on.  germination  and  ear]\'  growth  of  seedlin.gs  from  quite  dif- 
;rent  sites  within  a  small  area.   Ihev  concluded  that  seedlings  I'rom  trees  growing  on 
)orer  sites  were  shorter  m  nursery  trials  than  tliose  from  trees  growing  on  better 
Ltes.   Geriiiinat  jon  of  seeds  in  a  sucrose  solution  was  higher  for  poorer  site  trees 
lan  for  better  site  trees.   In  a  1  ow~e]  e\'at  i  on  nurser\',  seedling.s  from  1  ow-e  1  e\  at  i  on 
'ees  were  taller  than  those  from  high-elevation  trees,  but  when  transplanted  to  a 
Lgh-elevat  ion  test  site  the  seedlim^s  from  the  high-elevation  trees  grew  faster.   I'n 
te  basis  of  those  findings,  and  rather  c(mis  i  derat  ions ,  the  ap|ilied  program  to  produce 
Lister  rust  resistant  western  white  pinc^  was  subdivided  into  Ihrcn^  elevational  zones 
:  breeding  units  with  a  seed  orchard  pl;uni(\l  for  each.   These  zones  were:   (1  I  1  ow- 
levat  ion--areas  below  l,()l)()  m  ;  (J)  m  i  d -e  1  evat  ion -- areas  between  1,000  m  and  l,jriO  in; 
id  (5]  high-cl  evat  i  on  - -areas  above  l,2."''0  m. 


Progeny  of  many  of  the  same  parents  used  in  the  above  studies  were  outplanted  to  ill 
two  additional  sites  for  long-term  evaluation.   Rehfeldt  and  Steinhoff  (1970)  found  tha'' 
at  age  14  average  growth  at  the  two  sites  differed  significantly  and  that  the  growth  of 
individual  progenies  differed  significantly  but  the  average  growth  of  progenies  from 
different  localities  did  not  differ  significantly. 

In  order  to  obtain  materials  representative  of  a  broader  range  of  sites,  Barnes 
(1967)  systematically  collected  seed  and  recorded  data  from  trees  in  a  series  of  eleva- 
tional  plots  along  several  north  Idaho  streams.   He  reported  finding  significant  dif- 
ferences in  periodic  annual  growth  rate  and  branch  angle  that  were  related  to  eleva- 
tional  differences  along  one  transect.   Trees  in  plots  from  760  m  elevation  to  1,220  m 
grew  at  essentially  the  same  rate,  l)ut  those  from  1,400  m  and  above  were  slower  growing 
Branch  angle  changed  progressively  from  low  to  high  plots,  with  trees  in  the  lower  plot 
having  more  ascending  branches  and  those  in  the  higher  plots  having  more  nearly  hori- 
zontal branches.   Differences  among  plots  were  also  found  in  needle  length  and  cone 
scale  length  and  width,  but  the  variation  did  not  follow  a  pattern  related  to  elevation 


# 


Some  of  the  seed  collected  by  Barnes  was  sown  in  a  nursery  trial  in  Michigan. 
After  4  years  of  growth,  total  height  of  seedlings  representing  the  various  elevationaT' 
and  latitudinal  collection  areas  did  not  differ  significantly  (Townsend  and  others  1972 
Seasonal  growth  rates  differed,  hut  they  did  not  fit  into  a  jiattern  related  to  elevatio 
or  latitude.   At  a  very  low  light  level  (130  lux)  low-elevation  seedlings  (640  m)  were 
less  efficient  photosynthetically  than  higher  elevation  seedlings  (1,065  m  and  1,58S  m) 
but  at  higher  light  levels  (425  and  615  lux)  differences  were  not  apparent. 


MATERIALS  AND  METHODS 


This  report  will  present  and  integrate  results  from  five  studies,  as  follows: 

1.    Elp.vational  study .  --This   study  was  started  to  further  investigate  the  effects 
of  elevation  (as  indicated  in  Squillace  and  Bingham  19581  and  possibly  latitude  on 
seedling  growth.   Wind-jiol  1  inated  seed  for  the  test  was  collecteti  from  individual  trees 
in  i)lots  (stands)  at  120  m  to  180  m  (mostly  150  m)  elcvational  intervals  in  several 
stream  drainages  in  north  Idaho.   Although  the  collection  locations  were  often  along 
streams,  thev  were  kept  out  of  the  stream  bottoms  where  cold  air  drainage  effects  are 
common.   Five  trees  from  each  of  1  to  3  plots  per  elevation  and  drainage  were  included, 
for  a  total  of  225  trees  in  45  plots  (fig.  1).   In  the  Trestle  C^rcek  drainage,  the 
plots  within  an  elevational  zone  were  close  together  (mostly  within  0.5  km),  but  in  the 
other  areas  the  plots  were  often  several  kilometers  apart.   Further  details  of  plot  loc; 
tion  for  the  Trestle  Creek  drainage  were  presented  by  Barnes  (1967). 

A  nursery  test  for  early  growth  and  seedling  traits  was  conducted  for  3  years  at 
Moscow,  Idaho.   The  seed  were  sown  at  a  spacing  of  5x10  cm  in  10-tree  row  plots  in  4 
replicates.   liic  growing  medium  was  a  mix  of  forest  soil,  sand,  and  i^eat  moss  in  equal 
projiortions.   The  beds  were  watered  and  fertilized  as  needed  to  maintain  satisfactory 
growth.   Annua]  height  measurements  were  taken  after  growth  was  completed. 

Field  plantations  have  been  established  at  the  Priest  River  Fxperimental  Forest 
(PRF4-)  and  near  the  North  Fork  of  the  Clearwater  River  on  the  ("anyon  Ranger  Pi  strict 
(Canyon)  (fig.  11.   In  each  area,  3  test  plantations  were  established  with  an  eleva- 
tional separation  of  300  m  (800  m,  1,100  m,  and  1,400  m  at  PRHF  and  900  m,  1,200  m, 
and  1,500  m  at  (\anyon).   Aspect  of  tlie  sites  ranges  from  northeast  to  northwest.   The 
field  tests  contain  representatives  of  nearly  all  the  seed  collection  areas  and  eleva- 
tion zones  liut  do  not  contain  representatives  of  all  the  plots  within  elevational  zones. 
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■gure   l.--Seed  collection  areas  and  test  sites  for   tlie   oavious  white  \'in 

north   T.hlio. 


An  additional  plantation  (Ida  Creek)  adjacent  to  the  low  PRFF  site  contains  representa- 
tives of  all  the  families  included  in  tlie  nursery  test.   The  seedlings  (3-0  stock)  were 
planted  in  1971  at  a  spacing  of  1.8  m  in  4-tree  row  plots  replicated  5  times.   They  wer  ■ 
all  measured  at  age  4  (the  end  of  the  first  field  growing  season).   The  Ida  Creek  plot 
was  measured  again  at  age  6  and  age  8  and  the  other  plantations  were  measured  at  age  7. 

2.  Elevation-aspect  study.  --i\n   attempt  was  made  to  evaluate  the  effects  of  enviri 
mental  factors  related  to  both  elevation  and  aspect  in  this  test.   Study  areas  were 
located  in  two  drainages  (Marble  Creek  and  Cold  Center  Creek)  near  Clarkia,  Idaho 
(fig.  1).   They  consisted  of  a  series  of  paired  plots  at  950  m,  1,175  m,  and  1,400  m  in 
each  drainage.   One  member  of  each  elevational  pair  had  a  southern  exposure  and  the 
other  a  northern  exposure.   In  each  plot,  four  trees  were  chosen  to  be  seed  parents  and 
three  to  be  pollen  parents.   Pollen  from  tlie  three  trees  on  a  plot  was  mixed.   I.ach  see 
tree  was  pollinated  with  four  pollens,  tlie  local  pollen  mix  plus  pollens  from  the  low-, 
mid-,  and  high-elevation  north-aspect  Marble  Creek  plots.   For  this  portion  of  the  stud 
seeds  from  the  four  trees  on  a  plot  were  combined  for  each  pollen  type.   Results  of 
crosses  among  individual  trees  within  plots  are  being  reported  elsewhere  (Rehfeldt,  in 
press) . 

A  nursery  test  was  conducted  at  Moscow  for  3  years.  Seed  was  sown  in  plots  cons  is 
ing  of  2  rows  of  18  planting  spots.   Spacing  was  5x10  cm.   There  were  two  replicates. 

The  seedlings  have  been  outplanted  to  forest  test  sites  but  have  not  yet  been 
measured . 

3.  Natural  selection  study . --This  test  was  originally  designed  for  studying  blis 
ter  rust  resistance,  but  its  potential  for  studying  growth  variation  within  and  between 
stands  was  soon  recognized.  Ten  stands  were  located  and  wind-pollinated  seed  collected 
from  50  trees  in  each.  Three  of  the  stands  are  from  the  same  general  areas  represented 
by  most  of  the  trees  in  the  vigor-quality  study  (No.  5  below)  and  one  stand  corresponds 
to  one  of  the  elevational  study  collection  areas  (fig.  1).  Six  of  the  stands  fall  with 
the  low-elevation  zone  of  the  applied  program  (below  1,000  m)  and  four  within  the  high 
zone  (above  1,250  m) . 

The  seedlings  were  started  and  grown  for  one  season  in  a  greenhouse  in  5x5x15  cm 
tar  paper  plant  bands  in  a  soil,  sand,  peat  moss  mix.   They  were  then  transplanted,  sti 
in  the  plant  bands,  in  the  PREF  nursery  site.   Fight  seedlings  of  each  of  the  497  fami- 
lies were  planted  at  random  in  each  of  3  replicates.   Spacing  was  10x10  cm.   The  seed- 
lings were  given  routine  nursery  care.   I'hey  were  inoculated  with  spores  of  the  white 
))ine  blister  rust  fungus  [Cvonavtium  ribicola)    at  age  3  and  measured  at  age  4,  before 
the  disease  had  any  noticeable  effect  on  growth. 

Other  seedlings  from  the  same  families  have  been  outplanted  to  a  field  test  site 
but  have  not  been  measured  yet. 

4.  Factorial  mating  design   studij . --This   is  another  test  that  can  serve  both  blis 
ter  rust  resistance  breeding  and  growth  analysis.   Three  factorial  mating  designs,  one 
each  for  the  low-,  mid-,  and  high-elevation  zones,  were  established.   Four  trees  were 
used  as  pollen  parents  and  approximately  40  trees  were  used  as  seed  parents  in  each  zon 
However,  the  majority  of  the  seedlings  in  the  test  plantation  represent  only  40  familie 
from  each  zone  (4  pollen  parents  x  10  seed  parents). 

The  seedlings  were  grown  for  6  years  in  replicated  row  plots  at  the  Moscow  nursery 
They  were  inoculated  for  studying  white  pine  blister  rust  resistance.  No  growth  measur 
mcnts  were  taken  in  the  nursery. 

The  survivors  from  the  blister  rust  testing  were  outplanted  to  a  low  (750  m) , 
nearly  flat  site  at  PREF  in  1971.   A  variable  number  (average  15)  of  seedlings  per 


amil)-   Kcrc    planted    as    siiiylc    tree    [ilots    at    i-aiuloin    t  hrmiiMioiit    the    |i  1  .iiit  at  i  on .       la'ov.th 
uring    the    3-\-ear    period    from    1973    to    1973    and    height     in    !',)''(>    ha\a'    neen    nieasurcd. 

S.         V-'j.:'r-.iU'jlit;i   ^^t/^J// .  - -Th  i  s    is    the   oldest    oi'    the    five    studies.       It    uas    started 
uring    the    early    stages    of   tlie   program    to    [Produce    blis'er    rust    resistant    westtM-n    uhite 
ine    (Squillaee    and    Bingham    1954).       Ixcess    seed    fi'om    the    proi'.ram   was    used    t"or    t  h  i  ■.    stud\- 
o    investigate    the    heritability   of    growth    and    nualit\-    traits.       I  he    parents    of   inan\-   of 
he   seedlings   grow   in   the   Crystal    Creek   drainage   ne.ir    Ternwood,     Idalio,    at    an   elev.-ition 
f   about    870   m    (fig.     1).       A    few   others    grow    at    three    additional     low    sites    within    1.3    Km. 
our   candidates    from   tlie   White   Rock   area   at    an   elevation   o\     1,3J3   m   near   (larkia,    Idalio, 

ere   also    included,       "' 

ion  in  westei 


tes  from  the  White  Kock  area  at  an  elevation  (_)1  1,3j3  m  near  (larkia,  idalio 
eluded.  Scjuillace  and  Bingham's  (193S)  report  of  "local  i.:ed  eci)t\pic  \'aria 
ern  white  pine"  was  based  on  otiier  seeiUings  of  man>-  ol"  these  same  families. 


Seedlings  (2-1)  for  tlie  1955  outjilant  ings  were  grown  in  .-i  nursery  in  "^lissoula,  Mont. 
11  the  others  were  grown  in  Spokane,  Wasli.   Ilie  seedlings  were  not  measured  in  the 
urser ies . 

Three  plantations  were  installed  during  tlie  years  from  1953  through  1939.   data 
rem  the  1955,  195b,  and  1937  plantings  at  PR  II'  and  Deception  Creek  I  ,\per  imenta  1  1  orest 
DCEI'l  are  included  in  this  report.   The  PRff  plantation  is  located  on  a  moderate  (lo- 
5  percent)  nortli  to  northwest-facing  slope  at  an  elevation  of  799  in.   The  iKdl  planta- 
ion  is  on  a  steep  (30-30  percent)  north-facing  slope  at  1,110  m  (fig.  1).   Seedlinr.s 
iiostly  2-1  transplants)  were  planted  at  a  spiacing  of  2.4  m  in  8-tree  row  plots  in  thi'ee 
eplications  at  each  site.   Competition  from  native  vegetation  has  been  reduced  b\-  weed- 
ng  and  brush  cutting  at  irregular  intervals.   4  lie  trees  liave  been  measured  several 
imes--most  recently  wlien  all  had  been  in  the  field  for  lb  years. 


RESULTS 


Elevatioyiat  stuJij .  --The   most  striking  feature  of  the  nursery  results  is  the  genei^al 
ack  of  patterns  in  the  variation  observed  (table  1).   Although  the  amount  of  \ariation 
resent  was  large,  much  of  it  was  related  to  differences  among  the  offsfu'ing  of  a  sing,  le 
ree  or  among  the  trees  within  a  stand.   This  may  he  seen  in  the  projHirtion  of  \-ariance 
ttributable  to  the  various  sources  and  the  common  significance  of  the  "trees  within 
tands"  mean  squares  (table  2  and  Appendix  table  13).   Because  of  the  magnitude  of  the 
ithin-stand  variation,  the  differences  among  stands,  elevationa]  :ones,  or  geographic 
reas  were  seldom  statistically  significant. 

Seed  weight  did  not  differ  significantly  from  one  area  to  another  and  onl}'  within 
he  Clearwater  drainage  were  there  significant  differences  among  elevational  ;-.ones. 
here,  seed  from  the  liigher  elevation  trees  was  lighter  than  that  from  the  lower  trees, 
ith  a  rather  consistent  gradation  between. 

Seeds  from  the  Trestle  ("reek  area  germinated  sooner  than  those  from  other  areas, 
at  there  was  no  pattern  to  the  variation  within  areas.   Whether  the  g.ermination  dif- 
erences  are  inherent  or   were  related  to  cone  collection  time  or  subse(|uent  handling  is 
nknown.   lime  of  germination  was  closely  related  to  first -\-ear  seedling  heiidit  and 
ome   of  the  effect  was  still  detectable  at  the  end  of  the  third  year.   Ml  d.ita  for 
eedlings  germinating  more  than  21  da>s  after  the  start  of  gei'in  i  nat  ion  were  excluded 
rom  these  and  the  following  analyses. 
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lirst  year  heiglit  adjusted  for  seed  weight  and  germination  time  effects. 
-Third  year  height  adjusted  for  first  year  height  differences. 
(3nl>'  2  replicates  were  used  for  cotyledon  iiumlier  .ami  length  .ui.alyses  so 
r  were  adjusted  accordingly. 

*  and  '■  indicate  significance  at  the  5  perci-nt  or  1  pc-rceiit  level,  rc-'.p 
ance  see  Ap|icndix  lible  15. 
■'Includes  all  interaction  terms  involving  repl  i  c.it  ion . 
^Pooled  estimate  from  311  to  5fl  plots  with  5  to  Id  seedlin.r.s  per  plot. 
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'.Vhen  the  raw  data  for  the  first-year  height  were  analyzed,  the  mean  squares 
associated  with  areas  were  highly  significant.   This  was  true  for  both  comparisons, 
for  example,  between  Clearwater  and  Trestle  where  the  broadest  elevational  range  was  -j 
sampled,  and  among  all  areas  but  utilizing  only  the  915  m,  1,065  m,  and  1,220  m  eleva-l 
tion  zones  (those  common  to  all  areas).   The  early  germinating  Trestle  seedlings  were  i 
taller  than  the  later  germinating  seedlings  from  the  Clearwater  and  Kaniksu  areas. 
However,  when  first-year  heights  were  adjusted  for  seed  weight  and  germination  time 
the  variability  related  to  areas  was  much  reduced.   The  comparison  of  all  areas  using 
the  middle  elevational  zones  showed  no  significant  differences,  but  the  Trestle  Creek 
and  Clearwater  areas  differed  at  the  5  percent  level  when  all  elevation  zones  were 
considered.   These  adjusted  means  differed  by  only  2  mm--approximately  4.5  percent  of 
the  mean. 

Subsequent  height  measurements  taken  in  the  second  and  third  years  followed  a  patf. 
tern  similar  to  first-year  height.   Analyses  of  the  raw  data  showed  significant  differ^' 
ences  among  trees  within  stands  and  among  areas.   There  were  few  or  no  significant  dif 
ferences  among  elevations  within  areas  or  stands  within  elevations.   When  the  data  wer 
adjusted  to  take  into  account  first-year  height  differences,  second-  and  third-year 
height  differences  among  areas  were  not  significant.   In  other  words,  the  Trestle  Creels 
seedlings,  which  germinated  early  and  were  tallest  at  age  1,  were  still  tallest  at  age 
but  relative  to  their  height  at  age  1  they  had  not  grown  as  much  as  seedlings  from  the 
Clearwater  and  Kaniksu  areas. 

Whether  such  adjustments  should  be  made  depends  on  the  cause  of  the  germination 
time  difference.   If  it  is  the  result  of  genetic  differences,  no  adjustment  should  be 
made.   If  the  difference  resulted  from  cone  collecting  or  seed  processing  timing  or 
techniques,  then  the  adjustments  would  be  appropriate.   In  the  absence  of  information 
to  indicate  genetic  differentiation  of  germination  time,  I  favor  use  of  the  adjusted 
data. 

If  the  range  of  120-  to  180-m  elevational  zones  is  combined  across  areas  to  form 
three  broader  zones  called  low,  mid,  and  high  (<1,000  m,  1,000-1,250  m,  >1,250  m)  like 
the  classification  in  the  following  studies,  then  seedlings  of  the  low  zone  were  talles: 
and  those  of  high  zone  were  shortest.   At  age  3,  heights  by  zone  were:  low  -  220  mm, 
mid  -  211  mm,  high  -  207  mm.   These  means  did  not  differ  significantly. 

Secondary  leaf  length  (mature  third-year  leaves)  was  the  only  other  trait  in  whicl: 
differences  among  areas  were  significant.   Within  the  Trestle  Creek  and  Clearwater 
areas,  differences  between  trees  within  stands  were  significant  but  for  the  other  areasjj 
they  were  not.   Stand-to- stand  differences  within  an  elevational  zone  were  sometimes 
large  but  seemed  to  occur  at  random.   Significant  cotyledon  differences--number  and 
length--were  confined  to  trees  within  stands  and  stands  within  elevational  zones. 

Bud  burst  at  the  start  of  the  third  year  did  not  differ  significantly  among  stands! 
elevations,  or  areas  (table  3).   The  highest  elevation  source  from  Trestle  Creek  was 
the  first  to  break  bud  but  the  next  to  highest  source  was  last.   All  buds  broke  within 
a  2-week  period  and  most  within  a  5-day  period.   The  newly  emerging  leaves  were  rapidly 
separated  and  in  from  10  to  14  days  the  tip  of  the  new  bud  was  distinguishable.   At 
that  time  the  seedlings  were  classified  as  having  set  buds  even  though  stem  elongation 
and  external  bud  development  continued  for  nearly  a  month.   No  significant  differences 
in  bud  set  time  were  observed  except  among  trees  within  stands. 

The  seedlings  were  7  years  old  and  had  been  in  the  field  plots  for  4  years  when 
they  were  last  measured.   Overall  survival  of  seedlings  of  Clearwater  origin  was  about 
10  percent  less  than  that  of  Trestle  seedlings  with  the  differences  greatest  at  the 
Canyon  series  of  test  sites.   However,  survival  differences  so  far  do  not  clearly  indi- 
cate differences  related  to  area  or  elevation  of  origin  or  their  interactions  with  testt 
site  conditions.   Average  height  ranged  from  54  cm  at  the  best  site,  low  PREF,  to  34  cnn 
at  the  poorest,  high  PREF  (table  4). 


able   ?: .  --A>tid:fseo  of  nui'/'utu-r  <iii>i  i',-!'~;-}if    .<}'   f,>Li/    iin'^.m.- 
tjnd   huJ   set     in     /.//.      r  I  rn.if.i  i^>i:i !    .;/,,<.;'.    ;.'.(/■, 


I'.iul 
^1eTlI^ 

liurst 

P.I  hi    set 
Mean         :           ot 

tota 

\rea 

Source 

d.f. 

square 

:      \'ar  i  at  ion 

square       ;       \ar 

at  ion 

rest  le 

Repl icat  ions 

5 

(.,S.  1 

2  .  S 

1  (.5 .  5 

■■-.  1 

Creek 

640   to 

1  1  e\-at  ion 

() 

2(..4 

II.  (' 

^  ;i .  T' 

1  .1 

585   111    j 

Uot 

s  ) 

Plots  within 
elevations 


JO.  s 


0.0 


IS.O 


Trees  within  plots 
within  elevations 


28 


I.xper iinental    error      84 
Within    plot  (.72 


1(,.,S 


0 
20.(1 

(.(..  1 


() '  '  ■ 


8.  1 


82.  1 


220  111   plots        Replications  5 

from   (Clear- 
water,   St.  Areas  4 
Joe,    Trestle 

Creek,  Trees   within   areas      lo 

Kaniksu 

l-.xper iiTiental    error'    4  2 


Within   plots 


24  0 


4.2 

2.1 

101.  1 

8.  7 

7.8 

104  .0 

5 .  5  * 

(1.5 

(uS.7^'^ 

(. .  5 

0.  0 

20.2 

4.1 

74  .  8 

15.1 

11.0 


71  .(> 


^Includes  all  interaction  terms  involvinj;;  replication. 

^*  and  **  indicate  significance  at  the  5  percent  and  1  percent  level,  respect i ve 1  \' 


At  the  individual  test  sites  the  results  of  the  anal\'ses  of  total  height  ai'e  ver\' 
imilar  to  those  from  the  nursery  trial  (table  5  presents  the  results  for  on  1  >■  the  most 
ariable  series  of  sites,  i.e.,  PRIT' )  .   Most  of  the  var  i.abi  1  it\'  is  relateil  to  dift'erence 
mong  the  families  representing  individual  trees  within  stands.   The  variabilit\-  within 
lots  (i.e.,  among  seedlings  of  tlie  same  famil)')  is  also  1  arge- -near  1  y  e(|ualini'.  that 
mong  plots  (experimental  error).   This  result  indicates  that  wi  th  i  n- fami  1\-  v.ii-iation 
s  large  or  microsite  differences  exert  strong  influences  oi"  th.at  both  .ii-e  important 
ontributors.   The  variation  related  to  area  of  seed  origin  or  to  ele\,itional  /ones 
ithin  areas  was  very  small  in  coiiijKirison  and  usually  not  significant. 

The  Trestle  ('reek  seedlings  were  taller  than  those  from  the  Clearwater  at  the  low 
nd  high  sites  at  both  PRHF  and  Canyon,  but  the  Clearwater  seedling'-,  wei'c  as  tall  or 
aller  at  the  mid-elevation  sites.   .\'o  pattern  could  be  seen  in  tlie  v.ariation  in  heiidit 
mong  seedlings  related  to  the  various  elev.ation.il  zones  within  .areas.   XiMther  was 
here  any  correspondence  between  el  ev.at  icmal  r.ones  in  the  difl'erent  .are.as.   lor  ex.imple, 
eedlings  from  the  highest  ("learwater  collections  grew  well  .at  most  test  sites  but  those 
rem  the  highest  Trestle  Creek  collection  grew  poorl}'.   \s  .a  g.roup,  the  seedlings  fi-oiii 


Table  4 . --Height  of  seedlings  at  age    7  in   the   elevational  study  field  tests 


Seed 

collection 

Test  region  and  site 

:   Elevation 

Canvonl        '           PREF2 

Overall 

Area 

Low 

Mid  :  High  :  X    :   Low  :   Mid  :High  : 

X 

X 

Clearwater 


Meters 

760 
915 
1065 
1220 
1370 
1585 


37 

40 

38 

38 

42 

40 

37 

40 

37 

41 

33 

37 

41 

41 

35 

39 

40 

43 

35 

40 

44 

43 

38 

42 

40 


42 


36 


39 


Centimeters 


55 

39 

30 

43 

53 

38 

34 

42 

51 

35 

32 

40 

50 

36 

33 

40 

53 

34 

32 

41 

54 

36 

34 

43 

53 


37 


33 


41 


41 
41 
38 
40 
41 
42 

40 


Trestle 


760 
915 
1065 
1220 
1400 
1585 


42 

42 

36 

40 

40 

42 

42 

41 

45 

41 

38 

41 

39 

41 

35 

39 

42 

40 

37 

40 

39 

39 

37 

38 

53 

37 

35 

42 

53 

35 

34 

41 

57 

36 

36 

44 

55 

39 

35 

44 

56 

35 

34 

43 

54 

37 

34 

42 

41 
41 
43 
42 
41 
40 


41 


41 


38    40 


55 


37 


35 


42 


41 


Overall 


41 


4] 


37 


40 


54 


37 


34 


42 


41 


'Canyon  Ranger  District:   low  =  900  m,  mid  =  1,200  m,  high  =  1,500  m. 

-Priest  River  Experimental  Forest:   low  ^  800  m,  mid  =  1,100  m,  high  =  1,400  m. 


Table  S . --Analyses  of  variance  and  percent  of  total  variation  for  height  of  7-year-old 
seedlings  in  the  elevational  study  sites  at  PREF 


d.f. 

Low 

site 

:      M 

id 

site 

:      H 

igh  site 

Source 

:  Mean 
:  square 

:  °o  of  total 
:  variation 

:  Mean  : 
: square: 

%  of  total 
variation 

:  Mean  : 
:  square: 

■0  of  total 
variation 

Replicates 

4 

134 

0.0 

114 

0.0 

269 

0.4 

Area 

1 

1,013*1 

0.8 

5 

0.0 

793* 

1.0 

Elevation 
within  Area 

10 

255 

0.0 

155 

0.4 

68 

0.0 

Rep  *  Area 
5  Elev  (Error 

1) 

44 

240 

2.4 

131 

6.0 

192 

6.4 

Trees  within 
Elev  5  Area 

47 

350** 

6.6 

140** 

7.1 

220** 

8.2 

Rep  *  Tree 
(Error  2) 

170 

177 

5.3 

79 

5.2 

95 

2.4 

Within  Plot 

565 

149 

84.9 

70 

81.3 

88 

81.6 

'■*   and  **  indicate  significance  at  the  5  percent  and  1  percent  levels, 
respectively. 


10 


the    7b0   m   Clearwater    collection    \\rc\\    poorly    at    the    low-    aiul    miil-v  lc\-.ilion    site:,    at    CaiiN'oii 
but    well    at    the    liij^h    site.       In    contrast,    at    I'KI  !■    tlie\'    I'a-ew    well    at     t  lir    low      ami    iiii.l- 
elcvation    sites    but    poorl\-    at    tiie    hii^h    site.       However,    these    fluctuations    aia-    rather 
small--onIy   2    or    3    cm    (S    percent)    above   or    below    the    site    iiioan      .ind ,    so    |';ir    at     loa:;t  , 
appear   more   accidental    than   the    result    of    specific    tree-site    interactions. 

Wlien   the   overall    variability   across    sites   witlun    test    i-ei'.ions   was   .uia  I  v.umI    (table   oi, 
the   variation   associated    witli    trees    within    elevational     ;,oiios    was    still    predominant    o\c-r 
that    for   elevational    zones   or   areas.      The    site   x    tree    interaction    cffuit    was    s i  lui  i f i cant 
at    PRbF.      When   the   tree   mean    squares   were   tested    at'.ainst    this    interaction   term    rather 
than   t!ie   error  mean    squares,    tlie   tree   effects   were    siynii'icant    at    onl)'   the   r>   to    Id 
percent    level. 

The   average   height    of   tlie   seedlings   over   the   three    sites   at    I'Kl  I     was   es.s(Mit  i  a  1  1  \' 
the   SLune   as   that    for   the   Canyon    sites    but    tlie   range   at    PRb.l     was   much    greater.      \eitluM- 
group   of   sites    shows   a   typical    spread   of   conditions    for   the   area.      At    I'Rlf,    growth   and 
survival    at    the  mid-elevation    site   lias   l^een   reduced   due   to   poor   site   ijualit\-   and    resid- 
ual   comjietition   resulting    from   site   preparation   problems.      At    Canyon,    the    low    site 
trees    suffered   from   similar    site   preparation   problems. 


'able   6.  --A?iali^ses  of  vavianae  and  peiwent  of  total    van' atiom  for  Jirojhi    <>f  '7-i!r,v-ohl 
seedlinjs   of  the   elevatioyial   studij   c-ombioied  over  si' tor,   at   Cnujon  ./?/</  /'/-.'A'/'' 


Source 


est    sites-^ 


teplicates   witliin   sites 

\ve3. 

iite   *    Area 

:levation   within   Area 

>ite   *    tilevation 

iep   *   Area   t,    lilev    (b'rror    1 


d.f. 


12 
1 

T 

10 

20 

132 


(;an\'on 


Mean  :  ''.  of  total 
square:  variation 


Mean 
S(piare 


'Rl  f 
'!.  of  tota 
\ar  i  at  ion 


.,829 
302 
127 
177 
290 
1  OS 
149 


4.9 
1.1 

0 

0 

0.2 

0 

2.S 


10(1,038 
172 
493 
(iSS 
2  78 
101 
188 


0 

0 

0.4 

0 

0 

2.0 


rrees   witliin   1  levations 
and   Areas 

^ite   *   Tree 

lep  *  Tree  ( Frror  2 ) 

I'ithin  Plot 


4  8 

94 

SOO 


212 
142 


^ 


87"  .0 


283 

0.7 

213*' 

2.  8 

119 

1  .3 

1  09 

ic.  1 

bow,  mid,  and  high  elevation. 
•  '^    and  **  indicate  significance  at  the 
espect  ivel\'. 

'At  Can\-on  d.  f .  =  1  ,  00  1  ,  at  Pi^l  1  d.  f . 


I  pei'cent  an 
1  ,t>'4l. 


1  1  percent  1 evel 


II 


In  the  Ida  Creek  plantation  adjacent  to  the  low  PREF  plot,  where  all  the  families 
included  in  the  nursery  test  were  planted,  area  differences  were  significant  at  age  4 
but  became  less  important  anil  nonsignificant  by  age  6.   Actually,  the  difference  hetwe-i 
area  means  remained  nearly  constant  (2  cm  between  Clearwater  and  Trestle  Creek) ,  but  a 
a  percentage  of  total  heiglit  that  difference  dropped  from  7  percent  at  age  4  to  only 
2  percent  by  age  8. 

When  all  the  families  were  grouped  as  to  low,  mid,  or  high  origin,  as  with  the 
nursery  data,  then  height  at  age  8  decreased  from  low  to  high  elevation  [101,  100,  and 
98  cm,  respectively].   These  differences  were  not  significant  and  that  result  is  con- 
trary to  the  findings  in  the  adjacent  low  plot  where  the  high-elevation  seedlings  were 
slightly  taller  than  the  low-  and  mid-elevation  seedlings. 

Elevation-aspect  study .--Weight   at  the  end  of  the  third  year  in  the  nursery 
(table  7)  did  not  differ  significantly  among  drainages,  elevations,  aspects,  or  pollen 
ty[Tes.   Rehfeldt  (in  pressl  also  found  that  at  age  6  differences  among  drainages,  elev; 
tions,  or  aspects  were  not  significant  when  tested  by  individual  control-pollinated 
families  within  plots.   Seedlings  from  south  aspect  plots  in  this  study  were  generally 
taller  than  those  from  north  aspect  plots  in  the  same  drainage  and  at  the  same  elevati(i 
This  was  also  the  result  for  the  Gold  Center  Creek  drainage  in  Rehfeldt 's  study,  but 
seedlings  from  north  and  south  aspect  Marble  Creek  plots  were  essentially  equal  in  heijll,-' 


Table  1. --Third  year  height  of  s 

eedlings   in   the  e 

levation-aspect  study 

1 

Seed  parent  location 

Pollen  source 

■    Elevation  : 

Marble  Creek 
north  aspect 

•    Local   :   x   :  x 

- 

Drainage     •      zone^    :  Aspect 

Low  Mid   High 

He 

M 

M 

Gold  Center 
Creek 


Marble 
Creek 


Low 


Mid 


High 


Low 


Mid 


High 


North 

71 

71 

75 

South 

67 

84 

80 

North 

75 

73 

83 

South 

76 

69 

87 

North 

73 

85 

65 

South 

71 

73 

84 

North 





88 

South 

84 

87 

77 

North 

74 



75 

South 

84 

78 

74 

North 







South 

64 

84 

87 

X 

74 

78 

80 

64 
87 


108 

72 
84 

85 
87 

79 
84 

75 
84 

83 


70 
79 

80 
85 

74 
78 

86 
84 

76 
80 

75 
80 


75 


83    78 


76 


81 


X 

L 

79 

M 

80 

H 

78 

X 

N  76 
S  81 


'Low  =  950  m,  mid  =  1,175  m,  high  =  1,400  m. 
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Ovei'alL,  the  seedlin.tis  produced  b\-  Idc.iI  pollen  were  taller  than  those  [irodiiced 
with  pollen  from  the  north  aspect  plots  but  the  differences  were  not  s  i  j;n  i  I"  i  cant  .   lor 
the  south  aspect  plots,  local  pollens  proiluced  seedlini'.s  s  i  r.n  J  f  i  cant  1  \'  taller  than  those 
produced  by  the  nortli  aspect  pollens.   On  the  north  aspect  plots,  pollen  from  one  of  the 
other  north  plots  usuall)'  produced  taller  seedlings  tiian  did  local  pollen. 


Among  the  north  aspect  Marble  (a-eek  jilots,  seedlings  fi-om  the  hiw  piot  were  tallest 
but  pollen  from  tlie  plot  jiroduced  the  shortest  seedlings  wiien  used  on  ti'ees  in  otlier 
plots.   l"or  the  higli  plot,  the  results  were  the  op[U)sitc  (seedling.s  from  the  plot  t  i-ees 
were  short  but  pollen  from  the  plot  produced  tall  seedlings  wlien  used  t'lsewhere).   Such 
reversals  were  prohabl)-  the  result  of  large  amounts  of  witliin-plot  variabilitN'  coupled 
with  the  small  numbers  of  trees  ciiosen  to  lie  pollen  or  seed  jiarents  in  anv  one  plot 
rather  than  result Jiig  from  plot  interactions. 

oiirth  g,i"owing,  season 
h  i  gli-e  1  evat  ion 


s  ( lO.X  cm  vs. 
poorest  low- 
growing  ones  d  i  i"i"ei'ed 

hven  though  the  differences  lietween  elevational  groups  and  among  stands  were  signil'- 
icant,  the  bulk  of  the  genetic  variation  (bl  percent)  was  associated  with  differences 
among  trees  witliin  stands.   Of  the  remaining  genetic  variation,  J.S  percent  was  due  to 
elevational  differences  and  11  percent  to  differences  between  stands  within  elevational 
zones.   Overall,  ()2  percent  of  tlie  variation  was  related  to  variation  among  seedlings 
from  the  same  tree,  2  percent  to  block  interactions,  and  30  percent  to  genetic  \'ariation. 


Table  S .  --Fc-nrth   ijeiir  heiyht  growth  of  seedlifigs    in   tJie   nutui'Lil  sclt^'ctioyi  i'tudtf 


Stand 


Elevational 
zone ' 


Orovvth 


Range   of 
family  means 


-  -  -  (\-ut;;>iotovs    -    -    - 


Number  ol 
fail)  i  1  i  es 
in  to|)  111 


Beaver  Creek  pole  Low 

Crystal  Creek  Low 

Beaver  Creek  mature  Low 

Mont  ford  Creek  Low 

Fighting  Creek  Low 

Rescue  Creek  High 

Bertha  Hill  High 

Elk  Creek  Low 

Boulder  Creek  High 

White  Rock  High 


4 

a- 

T 

a 

T 

a 

9 

ab 

7 

alK- 

4 

l>cd 

1 

cd 

q 

cd 

8 

cd 

(i 

d 

8 . 8  - 1  r> .  4 

9.3-14.9 
8.3-10.1 
9 .  4  -  1 .3  .  2 
9.3-l().4 
8.2-14.8 
7.8-14.7 
8.2-13.7 
8.0-1  1.9 
7.5-13.1) 
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Low  =  below  1,000  m,  high  =  above  1,230  m. 
-Means  not  having  a  letter  in  common  differ  at  the 


I'erc 


out    le\'el    of    significance. 
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Table  9 . --Analysis  of  fourth  year  height  growth  of  seedlings  in  the  natural  selection 

study 


Source       : 

d.f. 

S.S. 

:        :   Variance 
M.S.    :    F    :    component 

Percentage 
of  total 
variance 

Block 

2 

622 

311                 0.09 

0.005 

Stand 

9 

3260 

362     7.9*^         .35 

.02 

Elevation 
Stand  [Elev) 

1 
8 

1728 
1538 

1722      9.0* 
192      4.2** 

24 
11 

.014 
.006 

Block*Stand 

18 

825 

46                  .11 

.006 

Tree  [Stand) 

487 

15468 

32     2.1**         .95 

.06 

Block* 

Tree(Stand) 

969 

14727 

15                  .00 

.00 

Within  family 

7054 

108648 

15                15.40 

.91 

and 


indicate  significance  at  the  5  percent  or  1  percent  level,  respectively 


Factorial  mating  design  study .--Seedlings   from  crosses  among  mid-elevation  (1,000- 
1,250  m)  trees  grew  the  most  between  ages  8  and  11  and  were  tallest  at  age  12  (table  ICl 
As  a  group  they  differed  significantly  from  both  the  low-  and  high-elevation  families  ii 
growth  and  from  the  high-elevation  families  in  height  (table  11).   The  low-  and  high- 
elevation  means  did  not  differ  significantly. 

Approximately  90  percent  of  the  total  variability  was  associated  with  differences 
among  seedlings  within  families  and  environmental  effects.   Of  the  remainder,  67  percen : 
of  the  variability  in  growth  and  80  percent  of  the  variability  in  height  was  associated 
with  differences  among  families  within  elevation  zones  and  only  33  percent  or  20  percen: 
associated  with  differences  among  elevation  zones. 

Although  the  mid-elevation  group  was  tallest  as  a  whole,  the  tallest  family  was 
from  the  low-elevation  group.   The  low  group  also  had  a  higher  ratio  of  better  families 
than  either  the  mid-  or  high-elevation  groups  (1/5  vs.  1/8  and  1/36  families  in  the  top 
10  percent,  respectively). 

Table  10. --Growth  and  height  of  seedlings  in  the  factorial  mating  design  study 


Elevational 
zone^ 


Growth  between 
ages  9  and  11 


Height 
age  12 


Centimeters 


Low 

Mid 
High 


44 
48 

45 


101 

106 

99 


^Low  =  below  1,000  m,  mid  =  1,000  to  1,250  m,  high  =  above  1,250  m. 
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Table    1 1  . --/l?/,7Z'/87"s   nf  ^jrowth  an,l  Iwi.jJil    hi    the  fiwloi'in /.  tnatin.j  <lci:i.jn   rL^ir/ 


Source 


Growth  between  ages  9  and  11 

Hlevational  zone 
Family  (Elev. ) 
Within  Family 

Height  age  12 

r:levational  zone 
Family  (Elev.  ) 
Within  Family 


d.f. 


2 

95 

1382 


2 

95 

1382 


^1 .  S . 


771(V 
716 


Value 


2206**' 

1 .  3 

432** 

8.  6 

301 

301  .4 

M  .  8 
59.  9 

715.7 


Var i  ancc 

Percentage 
of  total 


1  . 4 

2.7 

95.9 


1.9 

7.6 

90 .  5 


^*  and  **  indicate  significance  at  the  5  percent  and  1  percent  level, 
espect  ively. 


Vigor-qualitij   studij  ,--The   main  reasons  for  including  thi 
are  old  enough  to  have  reached  a  stable  growth  pattern  and  to 
changed  over  the  years.   The  mean  height  of  the  loiv  elevation 
tently  greater  than  that  of  the  Iiigh  elevation  families  (tabl 
ferences  during  tlie  early  years,  ages  4  to  8  (talile  13),  prob 
combination  of  a  carryover  of  nursery  differences  (St|uillace 
limited  competition  on  the  recently  cleared  sites.   By  age  8 
vegetation  was  increasing  and  until  age  12  or  14  when  most  tr 
brush  all  families  probably  grew  less  than  their  potential, 
was  also  responsible  for  keeping  tlie  differences  between  elev 
constant  while  between-family  and  within-plot  variation  incre 
the  trees  overtopped  the  brush,  their  growtli  potential  could 
Then  height  and  growtli  rate  differences  between  the  low  and  h 
significant. 


s  study  are  that  the  t 
show  how  the  results 
families  has  been  con 
e  12).  Significant  di 
ably  resulted  from  the 
and  Bingham  195S]  and 
competition  from  the  n 
ees  were  taller  than  t 
That  competition  prt)ba 
ational  zones  rol;iti\'(? 
ased  more  rapid  1\'.  Af 
be  realized  more  fully 
igh  zones  again  liecame 


rees 
ha\-e 
sis- 
f- 


at i  ve 

he 

iilv 

ly 

t(M- 


During  the  last  3  years,  differences  lietween  the  low  ami  high  families  continued  to 
increase  but  at  a  slower  rate.   At  the  same  time,  differences  among  families  within 
elevational  zones  became  larger,  resulting  in  a  decrease  in  the  significance  oi"  the 
elevational  difference.   4'he  elevational  difference  exhibited  in  this  study  is  j)robal>l\- 
larger  than  would  be  found  if  more  stands,  and  trees,  had  been  sampled.   The  results  t rom 
the  natural  selection  study  reported  earlier  indicate  that  trees  of  the  high  elevation 
stand  (White  Rock)  used  in  this  study  produce  the  slowest  growing  seetllings  of  the  high 
elevation  stands  sampled.   Also,  most  of  the  low  elevation  trees  are  from  a  staml  (Crx-stal 
Creek)  that  produces  some  of  the  fastest  growing  seedlings.   Ihus,  by  chance,  these 
results  and  those  of  S(|uillace  and  Bingham  (1958)  contrast  the  poorest  hig.h  trees  we  have 
studied  with  some  of  the  best  low  trees.   I  ven  then,  the  best  hicji  family  has  been  taller 
than  several  of  the  low  families. 

Height  growth  of  the  voung  trees  at  the  two  sites  was  ess(Mit  i  a  1  1  \-  equal  until  ag.e 
10  and  did  not  differ  significantly  until  age  K).   Interactions  between  sites  and  eleva- 
tional origin  of  the  seeiUings  were  essentially  nonexistent  e\'en  after  the  heig.ht  dif- 
ference between  the  sites  became  highlv  si  luii f i cant . 


Table  12. --Height  and  growth  of  young   trees   in   the  vigor-quality  study  at  various  ages 


Height 

at 

age 


DCEF 


Low    :    High 
e 1 evat  ion : e 1 ev at  ion 
families-^ :  families^ 


PREF 


Low     :    High 

elevation: elevation 

families:  families 


Combined 


Low     :    High 

elevation: elevation 

families:  families 


Meters 


4 

X 

Range 

8 

X 

Range 

10 

X 

Range 

12 

X 

Range 

14 

X 

Range 

16 

X 

Range 

19 

X 

Range 

Growth 

between 

ages 

12  5 
16 

X 

Range 

16  5 
19 

X 

Range 

0.11      0.09 

0.08-0.15  0.09-0.10 

0.61      0.56 

0.51-0.72  0.46-0.62 

0.97      0.91 

0.76-0.12  0.76-1.00 

1.6       1.5 
1.3-1.9    1.3-1.7 

2.5       2.2 
2.0-3.0    2.0-2.5 

3.5       3.0 
3.0-4.1     2.8-3.3 

5.4       4.7 
4.6-6.1    4.0-5.1 


0.47      0.38 
0.38-0.53   0.32-0.42 


0.63      0.56 
0.57-0.69   0.46-0.61 


0.11      0.09 

0.08-0.13  0.05-0.13 

0.62      0.51 

0.41-0.71  0.31-0.58 

0.94      0.85 

0.67-1.10  0.58-1.00 

1.8  1.6 
1.3-1.9    1.1-1.8 

2.9  2.5 
2.2-3.1    2.1-2.7 

4.1       3.6 
3.4-4.3   2.8-4.1 

6.3       5.8 
5.2-6.8   4.7-6.5 


Meters /year 


0.58      0.50 
0,51-0.60  0.42-0.57 


0.75      0.75 
0.60-0.85  0.68-0.79 


0.11 


0.62 


0.95 


1.7 


2.7 


5.9 


0.09 


0.54 


1.6 


2.4 


3.3 


5.2 


0.52      0.44 


0.69      0.64 


^Average  elevation  925  m. 
^Average  elevation  1,525  m. 
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Tabic    13 .  --Analysis   of   the   effect   of  eleihitinri   of  r.ee,!  o)','<jir!   ,in.l   test   .';//..,■   > 

and  ij)'-ohith  of  trees    in    the   Ohjet'-ej/ni  I  /'  t  ij   stiutj 


>1    'U'-'i.iht 


Trait 
measured 


Heiglit   at   age: 

4 

8 
10 
12 
14 
16 
19 


DCHl- 

Elevation 

:one^ 


Test  site  and  source  of  variation 

("ombi  ncil 

1'  1  evat  ion 
one'       ■     site-'    :      zone' 


i'Rlil- 
HI  evat ion 


6.56* 

4.77* 

1 .  93 

4.84* 

'  1 

1.48 

1.96 

2.39 

4.12 

(..  Ih* 

8.98** 

7.03* 

8.  15 

4.98 

I'est 
si  te- 


'I 
<1 
■1 

1  .53 

7.14 

12.3* 

31.0*^ 


Site  \ 
el evat  ion 


7.31* 

7 .  (v1 * 
2.06 
3.46 

8 .  81  * 
13.4"* 
10.2** 


.8(. 
.  1  1 


Growtli  between 
ages: 


12  f,  16 
16  f,  19 


7.6** 

14.1** 

35.4** 

30.0** 

5.04* 

•1 

109.7** 

4.04 

'  1 


'.levation  zone  mean  square 


'"1'"  value  resulting  from  the  comparison  .,!   -^—r^ t .  ■    — — -— ~ — --- 

Irees  witiim  elevation  zone  mean  sciuar 


2m 


"I-"   value   resulting   from   tlie   comparison 


Test  site  mean  square 

Rep   within    site  mean    stiuare 


-i,,..,,        ,  ,     .         ^  .  .  Site  X  elevation  mean  square 

'!•  value  resulting  from  the  comparison  7; — — ^ — r-r— — : — — t; -. . 

Rep  withm  site  \  elevation  mean  sc|uare 

^*   and  **  indicate  significance  at  tlie  5  percent  and  1  percent  level,  resjiect  i  vel  y. 

Although  the  differences  among  families  witliin  elevational  zones  were  large  (tlie 
range  between  tallest  and  shortest  varied  from  10  percent  to  35  percent  of  the  mean  at 
different  ages),  the  differences  were  seldom  significant  because  of  the  small  numbers 
of  families  tested  and  large  amounts  of  within-family  variability.   The  variance  attrib- 
utable to  family-by-site  interactions  was  small  and  nonsignificant  except  at  age  8. 
The  question  of  f amily-by- site  interactions  is  even  more  confusing  if  one  also  includes 
year  of  planting.   A  few  families  were  planted  in  each  of  2  or  3  years.   lor  some  of 
these  families  the  seedlings  planted  in  1955  may  have  grown  faster  at  ruil-  1  lian  IK4  I- 
but  those  planted  in  1957  grew  faster  at  IK'EF  or  vice  versa. 


DISCUSSION  AND  CONCLUSIONS 


To  date  all  of  our  studies  with  wester-n  white  pine  indicat'^  that  the  maioritv  of 
the  variation  which  might  be  utiJizeii  in  a  tree  improvement  p)-ogram  is  related  to  the 
differences  among  individual  trees  within  stands  rather  than  to  differences  among  stands, 
elevational  zones,  or  geograj^hic  areas.   When  stand  or  area  differences  were  s  i  ;.mi  i  i  i  cant  , 
there  did  not  apjiear  to  be  a  pattern  to  the  variation.   In  most  of  the  tests,  seedlings 
from  high  elevation  parent  trees  (generally  1,375  m  or  above)  g.rew  slower  than  those 
from  lower  elevation  parents.   The  differences  were  significant  in  cmiI)-  about  haH  ot 
the  tests  and  the  average  growth  of  seedlings  from  some  iiig.h  stands  was  goo.l.   However, 
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if  one  were  selecting  only  those  families  that  were  in  the  top  10  percent  group  for    J! 
height  in  any  one  test,  very  few  of  the  high-elevation  families  would  be  selected 
(table  14).   Among  the  lower  elevation  zones  there  again  appeared  to  be  no  pattern  to 
the  variation. 

The  general  finding  from  these  studies  that  seedlings  from  high  elevation  trees  a-j. 
slower  growing  than  those  from  lower  trees  agrees  with  the  results  reported  earlier  by 
Squillace  and  Bingham  (1958).   However,  these  data  do  not  agree  with  their  findings  th i 
high-elevation  families  grew  slower  tlian  low-elevation  families  in  a  low  nursery  and  li 
plots  but  faster  at  a  higli  plot.   In  the  vigor-quality  study,  low-elevation  families  \\  • 
significantly  taller  tlian  high-elevation  families  at  both  low-  and  mid-test  sites.   Wh 
the  differences  in  sites  were  not  as  great  as  in  Squillace  and  Bingham's  study,  the  si., 
means  did  differ  significantly  and  there  was  no  indication  of  the  high-elevation  famil 
growing  faster  at  the  higher  site.   In  fact,  the  difference  between  low-  and  high-elevi 
tion  families  was  greater  at  the  liigher  site  even  though  total  height  was  less.   Simi- 
larly, as  mentioned  above,  in  the  elevational  study  liigh-elevation  families  were  as  ta 
or  slightly  taller  than  low-  or  mid-elevation  families  at  the  low  sites  but  slightly 
shorter  at  the  liigh  sites.   Thus,  up  to  this  time  the  results  of  the  present  studies 
suggest  that  groups  of  families  representing  various  elevational  zones  perform  nearly 
the  same  whether  tested  at  low-,  mid-,  or  high-elevation  sites. 

Table  14 .  --Ratio  of  treses   in   top   10  percent  group  in  various  studies 


Study 


Seed  collection  elevational  zone 


Mid 


High 


devational 

Nursery 

Ida  Creek 

PRl-1- 

Low  site 
Mid  site 
Hitzh   site 


Canyon 
Low  site 
Mid  site 
High  site 


Natural  selection 
l-'actorial  mating  design 
Overal 1 


1/7 
1/7 


1/20 

1/4 

1/20 

1/9 


0 

1/20 
1/5 

1/12 

1/7 

1/5 

1/7 


1/11 

1/10 


1/7 

0 
1/7 

1/10 


1/10 
1/20 
0 

1/20 

1/17 

1/8 

1/10 


1/39 
1/35 


1/10 
1/20 
1/10 

1/12 


1/5 
1/5 
1/6 

1/6 

1/53 

1/36 

1/26 


Chance  selection  and  sample  size  a]ii)ear  to  contribute  nincli  lo  t  iir  conflict  inv 
jsults  of  tlie  various  studies.   Ihe  vi  v^or-qua  1  i  t  c  stud\  I'.enera  1  I  \-  -^how,  a  marli'd  con 
:ast  tietween  low-  and  hiuh-el  ecat  i  oti  stands,  but  it  luaiiil)  saniplcs  onl\  two  -tand'".  and 
il\-  four  trees  in  the  high  one.   Suhseciuent  results  from  the  natui'il  selection  stud\- 
lere  SO  trees  were  sampled  per  stand  confirm  the  differences  amons'  the  low  and  hiidi 
:ands  represented  in  the  viyor-qual  it>-  stud\-,  f>ut  alst)  show  that  other  choices  of  sins'le 
)w  and  high  stands  could  lead  to  the  conclusion  that  low  and  hiv.h  stands  ilo  not  dil'fei-. 

C)n  tlie  other  hand,  tlie  elevational  study  sampiled  a  imich  broader  rain-e  of  stands  but 
;ain  witii  few  trees  jier  stand.   Conse!|uent  ly ,  the  lacl  of  differonces  among,  low  and  hiidi 
;ands  ma\'  be  too  conservative.   lor  example,  two  S-trce  collections  were  obtaini'd  from 
stand  at  Bertha  Hill  at  1,585  ni  in  the  Clearwater  area  for  the  elevational  stud\-. 
>edlings  from  one  of  these  collections  were  the  tallest  of  the  (' 1  earwat  oi-  collections 
it  tliose  from  the  other  were  about  average.   ihe  mean  height  of  the  two  was  onl\- 
.ightl)'  less  than  tliat  for  tlie  best  elevational  zone.   However,  the  results  from  the 
1-tree  collection  made  for  the  natural  selection  stud\-  indicate  that  although  -.eedling.s 
■om  tliis  stand  are  among  the  fastest  growing  of  tlie  high-elevation  stands  the\-  arc 
.ower  growing  tlian  those  of  five  of  tlie  six  low-elevation  stands.   Among  the  low- 
.evation  stands  in  the  natural  selection  stud)',  even  a  5i)-trec  sample  indicated  on  1  \' 
lat  seedlings  of  the  poorest  stand  differed  significant !>'  from  the  best  ones. 

Tlie  results  of  this  group  of  studies  also  differ  from  those  found  in  other  \\cstern 
)nifers.   Callaham  and  Liddicoet  (19ol)  found  tliat  mid-elevation  ponderosa  pine  families 
?re  tallest  at  low-,  mid-,  and  high-elevation  sites  during,  the  first  2()  >'ears  after 
itplanting.   However,  altliougli  the  liigh-elevat  ion  trees  were  doing  very  poorl\'  at  the 
)w-  and  mid-elevation  sites  at  age  2(i,  at  tlie  high  site  the\'  were  taller  than  the  low 
'ees  and  nearl\'  as  tall  as  the  mid  trees.   Tliis  jiattern  continued  through  age  Jo 
^onkle  l*:)??!.   Conkle  also  foimd  that  the  variance  component  related  to  elevation  zones 
IS  much  larger  than  that  for  families  within  zones  at  the  low  ami  mid  sites  but  not  at 
le  higli  site.   In  our  studies  tiie  famil)-  component  was  alwa\'s  much  larger. 

In  working  witli  Houglas-fir,  Kehfeldt  (1974)  found  that  difi'erences  between  low, 
-   warm,  liabitat  type  trees  and  liigh,  or  cool,  liabitat  t\'|ie  trees  could  be  detected  with 
;edlings  from  as  few  as  7  trees  per  stand.   He  also  i'ound  growth  differences  between 
;ands  on  the  east  and  west  sides  of  the  mountain  ranges  along  the  border  lietween  Idalio 
id  Montana. 

In  summary,  the  results  from  this  series  of  tests  indicate  that,  at  least  within 
le  nortli  Idaho  portion  of  its  interior  range,  western  wliite  pine  has  a  different  varia- 
Lon  pattern  than  that  of  most  other  conifers  tliat  liave  been  i  ntens  i  \-el  >•  studied. 
;stern  white  pine  is  liighl)'  variable,  but  most  of  the  variation  is  related  to  dit'fcM"- 
ices  among  tlie  offspring  of  a  siin'.le  tree  or  among  the  trees  in  a  stand.   \lthoug.h 
Lfferences  among  stands,  elevation  zones,  or  g,eographic  areas  were  sometimes  sig.niii- 
mt ,  the  proportion  of  tlie  variance  attributable  tt)  these  sources  was  usually  smaller 
lan  that  for  trees  within  stands. 

•Ml  of  the  seedlings  involved  in  the  studies  reporte>l  lu-re  were  ;;tarted  uihUm-  pro- 
;cted  anil  irrigated  nurserx'  conditions.   ihe\'  escaped  the  \-ariet\-  of  en\' i  ronment  a  1 
■)nditu.ins  tliat  might  lead  to  ecotypic  differentiation  during.  tl:e  critical  g.ermination 
id  car])-  establishment  growth  phases  often  found  wlnai  I'eproduc  t  i  on  occurs  natural  1)-. 
luillace  and  Bingham's  (  1  o.ss  1  germination  test  I'esiilts  ma\-  indicate  such  a  diffei-enti- 
;ion.  but  the  results  reported  here  do  not  show  tjcot  \-[ic  formation  foi'  other  ti\aits. 
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APPLICATIONS 


Tlie  results  to  date  indicate  that  only  two  seed  zones  are  necessary  for  western 
white  pine  in  north  Idaho,  and  probably  for  the  adjacent  white  pine  areas  in  north- 
eastern Washington  and  northwestern  Montana  as  well.   The  main,  or  low,  zone  would 
include  all  the  area  below  1,375  m,  with  the  exception  of  the  most  severe  sites  where 
the  upper  boundary  might  be  lowered  to  1,250  m.   The  second,  or  high,  zone  would  includ- 
all  the  area  above  1,375  m  and  a  limited  area  related  to  severe  sites  between  1,250  m 
and  1,375  m. 

Two  seed  orchards,  with  selections  related  to  the  above  seed  zones,  should  be  suf- 
ficient for  the  next  phase  of  the  blister  rust  resistance  breeding  program.   Siblings, 
or  vegetative  propagules,  of  seedlings  intended  for  either  orchard  should  be  tested  at 
several  sites  to  facilitate  selection  of  those  individuals  or  families  that  are  both 
broadly  adapted  and  fast  growing. 

Seed  from  the  present  low-  and  mid-elevation  orchards  can  be  combined  and  used  on 
low-  and  mid-elevation  sites  throughout  north  Idaho.   It  can  probably  be  used  at  eleva- 
tions up  to  1,375  m  on  most  sites.   Seed  from  the  high  orchard  should  be  used  for  sites 
above  1,375  m.   This  is  a  conservative  approach,  as  our  results  so  far  show  little  or 
no  difference  in  survival  or  growth  among  seedlings  of  low-,  mid-,  or  high-elevation 
origin  at  the  high  sites.   However,  long-term  effects  have  shown  up  in  other  species. 
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Steinhoff,  R.  J. 

1979.  Variation  in  early  growth  of  western  white  pine  in  north  Idaho. 
USDA  For.  Serv.  Res.  Pap.  INT-222,  22  p.  Intcrml.  For.  and 
Range  Exp.  Stn. ,  Ogden,  Utah  84401. 

In  several  nursery  and  field  tests  most  of  the  useable  variation  among 
western  white  pine  seedlings  or  saplings  was  related  to  differences  among 
the  parent  trees  within  stands.  Wlien  differences  among  geographic  areas, 
elevational  zones,  or  stands  within  those  categories  were  significant  us- 
ually no  pattern  to  the  variation  was  apparent.  However,  seedlings  from 
high  elevation  parents  (generally  1,375  m  or  higher)  were  often  shorter  than 
those  from  lower  elevations. 
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RESEARCH  SUMMARY 


C'liinalic'  and  hydi'olof^ic  rcsponsfs  ol  small  and  lar.i;c  (.dcairuls  on 
north  anti  south  aspects  in  nolhcrn  Idalio  ucrc  studied.      The  paranietcrs- 
siirlace  wind,    maximum  snow  deposition,   seasonal  precipitation,   and 
seasonal  percolation — were  related  to  Ihe  distance  downv\ind  Irom  the 
west  edge  oi'  the  forest  by  sets  ot  linear  models.     ( 'n  the  noi-lh  aspect 
an  exponential  increase  in  each  parametei'  gencrall\    occurred  as  the 
distance  increased.     ( )n  the  st)Uth  aspect,   the  same  response  was  ob- 
served with  surtace  w^i'i.     However,    maximum  snow  deposition,   si^asonal 
precipitation,   and  seasonal  percolation  iiici'eased  tor  a  shoi't  distance 
ol  1.0  to  2.1)  tree  heights  antl  then  diminished  rapidly.     ()thei'  attributes 
such  as  drip,   snow  interception,   snovvnudt,   ;ind  rates  oi'  disapjx'arance 
were  evaluated  with  supportive  data. 


CONTENTS 

Page 

INTRODUCTION 1 

EARLIER  INFORMATION 1 

EXPERIMENTAL  SITE 1 

STATION  LOCATION 2 

MEASUREMENT  TECHNIQUES 4 

DATA  COMPILATION 5 

PARAMETRIC  MODELING 6 

EFFECTS  OF  TOPOGRAPHY  AND  FOREST  CLEARING  ON 

LOCAL  CLIMATE 7 

Surface  Wind 7 

Maximum  Snow  Deposition 8 

Seasonal  Precipitation 12 

SEASONAL,  MONTHLY,  HIGHEST  DAILY  AND  MEAN  DAILY 

PERCOLATION 15 

Seasonal  Percolation 15 

Monthly  Percolation 16 

Highest  Daily  Percolation 18 

Mean  Daily  Percolation 19 

Snow  Disappearance 21 

SNOW  DEPTH,  SNOW  DENSITY  AND  BIG  GAME  MOBILITY     ...  22 

MANAGEMENT  CONSIDERATIONS 24 

PUBLICATIONS  CITED 25 

APPENDIX  A 27 


! 


INTRODUCTION 

Practicing  hydrologi  st  s ,  foresters,  and  big  game  biologists  iiave  a  cont  i  iiii  i  iig.  need 
:  information  about  the  c  1  imat  ic-h\'drologi  c  conseijuenees  of  ereatii'g  opening.s  in  old 
imax  timber.   New  information  was  gained  recently  from  a  stud)'  conuucted  in  tlie  Priest 
fer   bxperimenta  1  Forest,  an  area  which  t\'pifies  much  of  the  sloping  forested  land  of 
'tlieastcrn  U'ashington,  northern  Idaho,  and  westei'n  Montana. 

The  specific  objectives  of  the  study  were  to  detect  changes  in  suri'ace  wind,  pre- 
litation  amoinit ,  snow  deposition  and  ablation,  snow  depth  and  density,  and  percola- 
)n  associated  witli  a  variet)'  of  clearings  situated  on  north  and  south  aspects.   Tlie 
Acstigation  was  conducted  from  November  through  May  over  5  stud)'  )'ears. 

EARLIER  INFORMATION 

Little  wintertime  work  has  been  done  in  northern  Idaho  that  has  dealt  specifically 
:h  the  local  climate  and  hydrolog)'  of  different  sizes  of  forest  openings.   Packer 
)b2,    1971)  summarized  the  results  of  a  comprehensive  snow  course  stud)'  conducted  in 
;  Priest  River  lixjicr  imental  Forest,  in  which  the  effect  of  very  small  openings  was 
idled.   harger  openings,  characterizing  tlie  usual  timber  sale,  were  not  available  at 
i   time  Packer  reported  and  so  were  not  studied.   In  recent  )'ears,  larger  openings 
'e  become  available  through  a  series  of  timber  sales.   Cline  and  others  fll)771  inten- 
sely instrumented  two  of  these  openings  to  determine  snow  de]")osi  t  ion ,  snowmelt,  per- 
.ation  rates,  soil  water  content,  and  ]iotential  water  yield.   This  effort  provided 
isiderable  basic  data,  part  of  which  liave  been  incorporated  into  this  report. 

EXPERIMENTAL  SITE 

The  Priest  River  Experimental  Forest  is  a  6,378-acre  f2,577-ha)  tract  in  the  hlaho 
ihandle  National  Forests  north  of  Priest  River,  Idalio.   Mountainous  terrain,  with 
'vations  ranging  from  2,200  to  5,900  feet  ((i71  to  1,79<S  m),  makes  up  85  ]ierccnt  of 
i   Fxperimental  Forest.   The  specific  stud)'  area  overlapped  onto  both  slopes  oi    an 
;t-west  oriented  ridge  between  an  elevation  of  1,000  and  4,600  feet  (1,200  and 
100  m) .   The  south  (180°)  slope  includes  the  Douglas- fir/ninebark  habitat  t)'pe;  the 
Ml  overstory  consists  of  Oouglas-fir  (Pseudotaucia  menniesii   var.  nhiui''!.    |Beissn.| 
mco J  ,  western  white  pine  [Pinus  mo}itic-ola   Dougl.),  western  larch  {[,ar'ix  occl(:le>ital'!-i^ 
:t.),  and  grand  fir  [Abies  grandis    [Dougl. |  Forbes)  and  the  understor)'  contains  a 
:ture  of  shrubs  dominated  by  ninebark  {P'Jv/soaai'pus  malvaaeus    iGreenl  Kuntze).   The 
'th  (355°)  slope  is  classified  as  western  \\cm\oc\/ Paahistima   li;ibitat  t)'pe  (Daubenmire 
1  Daubenmire  1908).   The  dense  overstory  was  mainly  western  hemlock  {':''c.uja   Jietcro- 
illa    [Raf.]  Sarg.),  western  redcedar  (Thuja  plicata   Donn.),  and  western  white  pine, 
1  the  understory  contains  scattered  pachistiiiia  shrub  [Pachistima  trqo'ai}iitcc]  ,    and 
if,  herbaceous  plants. 

Soils  in  the  higher  elevations  of  the  Fxperimental  F'orest  arc  underlain  b)'  Pre- 
ibrian  metamorphic  rock.   The  soils,  which  are  derived  from  glacial  till  and  ai-e 
)ped  by  a  thick  la)'er  of  volcanic  ash,  are  predominant!)'  silt  loam. 

The  climate  is  influenced  by  the  Pacific  Ocean,  hence  the  winters  are  cool  and 
;.   Summers  are  dry.   Storms  and  accoinpan)'i  ng  winds  generally  move  in  from  the  south- 
;t,  and,  to  a  lesser  degree,  from  tlie  west  and  south.   Most  of  the  annual  precipita- 
)n,  about  40  inches  (102  cm),  falls  from  Novembei'  through  Ma)'  in  form  of  snow  and 
-n.   Precipitation  for  tlie  years  19(i9-75  was  average  to  aliove  average.   The  last  of 
:  5  study  years,  1 '975 ,  had  tlie  lowest  total,  28  inches  (72  cm),  recorded  since  1910. 


STATION  LOCATION 


On  both  the  north  and   south  aspects,    instrumented    stations   were    located   in  opening 
that   were  clearcut    logged   in   1968   and    1969.      One   exception,    station  N59(0],    was  posi- 
tioned  in  an   isolated  clearing   carved  out   of  the   old   stand   in  the    1930' s.      Stations 
N45(0)    and  N44(0)    (north)    and   stations   S49C0)    and   S50(0)    (south]    were  established   at 
the  midpoint   of  individual    stripcuts   with    long  axis   oriented  north-south.      Stations 
N46(0)    and   N46.6(0)    (north)    and   stations   S52(0)    and   S52.2(0)    (south)    were  positioned   iu 
a  clearcut   block  at   different   distances    from  the  west   edge  of  the   forest;    the  north 
clearcut   block  was   65   acres    (26  ha),    the   south,    25   acres    (10  ha).      The   forest   or   "con- 
trol"   locations   are  represented  by   stations   N40(T)    and  N42(T)    (north)    and  S47(T)    and 
S47.7(T)  (south). 

The  descriptive   character  of  each   clearing   and   control    site    is   given   in  table   1. 
Schematic  diagrams    in   figures    1,    2,    and   3    show  how   far  each   station   is   from  the  west 
edge  of  forest.       It    is    important    that   the   strip   cuts   opened  onto  the   clearcut   blocks 
whereas   the   clearing  with   station   N39(0)    was    surrounded   by  trees. 

T.ible   I .  --Description  of  stations,   I'riest  River  Expeririental  Forest,   Idaho 
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MEASURLMENT  TECHNIQUES 


Each  yeai'  of  study,  all  precipitation  was  measured  from  November  1  through  May  31. 
Snow  courses,  recording  rain  gages,  and  snow  lysimeters  were  located  at  or  near  each 
station.   Two  parallel  snow  courses,  each  following  the  contour,  crossed  the  area  adja- 
cent to  the  stations.   They  began  in  the  clearcut  block,  ran  across  the  strip  cuts  and 
contiguous  leave  strips,  and  ended  well  in  the  forest.   Each  course  included  48  snow 
sampling  points.   Snow  conditions  at  stations  NSQfOJ  and  N40(T)  were  sampled,  along 
snow  courses,  with  six  sampling  points  each.   Water  equivalent  fW.E.)  was  measured  peri- 
odically with  a  federal  snow  sampler  during  the  accumulation-melt  period,  but  only  those 
readings  taken  at  peak  snowpack  are  discussed. 

Precipitation  in  the  clearings  and  throughfall  and  drip  in  the  forest  were  measured 
by  a  recording  rain  gage.   A  single  gage  was  placed  midway  across  the  cut  strip  or  at 
predetermined  distances  from  the  edge  of  the  forest  (see  table  1,  Distance  to  (west] 
edge  of  timber).    The  gage  in  the  forest  was  placed  beneath  canopies  that  best  repre- 
sented surrounding  conditions.   Prior  to  autumn  1970,  gages  were  equipped  with  standard 
horizontal  orifices  and  windshields.   These  were  replaced  with  stereo  orifices  and 
tilted  windshields  (fig.  4)  when  it  became  evident  that  considerable  precipitation  was 
not  being  caught  in  the  south  aspect  gages  (Haupt  1972a) . 

Percolate  was  collected  by  snow  lysimeters  (Haupt  1969,  1972a)  operated  from 
November  1  through  May  31.   Lysimeters  were  positioned  near  the  rain  gages.   In  the 
forest,  they  were  located  beneath  a  canopy  configuration  similar  to  that  above  the  rain 
gage.   Lysimeters  provided  point  measurements  of  net  precipitation--precipitation  that 
percolated  through  the  snowpack  during  rainy  periods  or  ultimately  entered  the  soil 
mantle  as  the  snowpack  melted.   A  lysimeter  is  shown  in  late  fall  in  figure  5A  and  in 
late  winter  in  figure  SB. 

Windspeed  was  measured  with  a  3-cup  totalizer  at  each  climatic  station  location. 

Not  every  station  was  activated  the  fall  of  1968.  The  south  aspect  replication 
came  into  operation  1  year  later.  Three  stations,  N46.6(0),  S47.7(T),  and  S52.2(0), 
had  lysimeters  only.   Years  of  total  record  are  presented  in  table  1. 


Figure  4. — Preaipitation  and 
anemometer'  station  62 
located  in  large  clearing 
(windward  aspect) . 
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Fijui'e   6.--A.    Cnoi.i   lysitneter.,    station   62.2.      Boi  loitJi  j't-'-nne,    sliil-'huj  colla)',    lOiiJ  potii- 
ethylene  bag  attached.      B.    Siiow   hjGirneteP^    station  'I2.      frysimettrt'  fvajnc    (sojorid 
module)   extending  above  a  depth  of  snow  of  -IS   inches    (122  ovO .      i:iii!fj>loieI y   Jr'ddc/: 
is  a  separating  layer  of  polyethylene. 


DATA  COMPILATION 


Data    for    individual    station-years   arc   compiled   and   averaged    in   a|ipeiidi\   A    (tablr    \1 
surface    wind,    table    A2-ma.x  imum    snow   deposition,    tabic-    AS- season,:  1    iTec  i  |m  Tat  i  on  ,    and 
table   A4-seasonal    percolation)    for   tliose   practitioners   ulio   wish    to   delve    into    station- 
by-station,    year-by-year   average   variations.      The   actual    inx'c  i  p  i  t  at  i  on   measui-eiiient :-    as 
well    as   those   corrected    for   wind   arc    sliown    in    table   A3.      t)nl\'    the   adiiisted    totals    are 
modeled   and   discussed    in   the  main   text. 


The    stud)-   design   did    not    include    pret  reatiiient    iiieasureiiic-nt  ^    to   tlet  ei-ni  i  nc    i  I"    inlierent 
site   differences    existeil.       However,    postt  realnient    d  i  rfo-ences.    betK(.'en    sonie    totals    and 
means   arc    large   and    intuitively    important.      biscrction    uould    lie   appropi- i  at  e   uiien    intei-- 
preting   differences   of    less    than    10   pei-cent    tliat    could    be    caused    b\-    inhi-rent    site 
differences . 


PARAMETRIC  MODELING 


The  climatic  parameters--surface  wind,  maximum  snow  deposition,  seasonal  precipi- 
tation, and  seasonal  percolation--were  thought  to  relate  to  the  divergent  conditions 
existing  on  north  and  south  aspects  and  to  distance  away  (or  downwind)  from  the  edge 
of  forest.   The  four  basic  relationships  may  be  expressed  for  the  individual  climatic 
parameter  as: 


Vg  =  f(D) 

W.E.    =  f(D) 

IP     =  f(D) 

II     =  f(D) 

where   I'g    is  mean   seasonal   windspeed  approximately   6   feet    (1.8  m)    above   the   snow  surfaci 
W.E.    is   snow  water   equivalent   at   time  of  maximum  depth;    ZP  is   the   total    seasonal   pre- 
cipitation;   or   ZJ  is   the   total    seasonal   percolation  and  D   represents   the  horizontal   di 
tance   from   edge  of  forest    in   feet. 

Sets   of    linear  models  were  derived   for  most   aspect   conditions   and  are   shown  with 
corresponding  R-squares    in  Table   2.      Two   south   aspect    conditions   could  not  be  mathemat' 
ically  modeled   to  an   acceptable   degree   of  accuracy. 

Table  2 . --Models  for  predicting  seasonal  windspeed,   maximum  snow  deposition, 
seasonal  precipitation  and  percolation  on  two  major  aspects 


Aspect 


North 


South 


North 


South 


Model 


'y.x 


Seasonal    Windspeed 


V     =   2.2299-0.6443    (ttV)    "^   0.00532(0+1) 


V     =   4.9482-2.4097    {—)    +   0. 00347  (Z)+l) 


Maximum  Snow  Deposition 


0  229495 
WE  =   2.2704  D     "^^'^^^ 

No  model  derived 


0.806   0.281 


.823    .509 


.680    .043 


31.078 


30.243 


34.031 


Seasonal  Precipitation 


North 


IP  =    1.06371  O^"''"^^-''' (0.99977-)^ 


.986    .062    491.593 


South 


IP  =  1.1988  o"''*"''^(0.9972)^ 


.869    .363     29.859 


Seasonal  Percolation 


North 


II   =  0.05494D  -  0.000045  D^ 


.924   5.674    104.115 


South 


No  model  derived 


EFFECTS  OF  TOPOGRAPHY  AND 
FOREST  CLEARING  ON  LOCAL  CLIMATE 

Surface  Wind 


Tabic   3    shows   the   mean   seasonal    windsiiceds    1)\-   asjiect    and   distance    from   the   west 
edge   of   forest.      I'hese   are   average   values    for   all    kinds   oi'  weatlier  during   tlie    7-month 
period,    tiiereforc   the   speeds   arc   small.      Nevertheless,    the   overall    mean   windspeed   was 
nearly   two-thirds   greater   on   the   south    (windward)    asjiect    tiian   on    the   north    (  U'c )    aspect 
The  differential    was   even   greater    for   stations    fartliest    from   tlie    forest    edge    (talile   7,]. 
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The  line  plots  of  windspeed  derived  from  cciuations  in  table  2  are  shown  in  fig- 
ure 6.   Shape  of  the  curves  resembles  those  of  Reifsnyder  (195.")  in  his  study  of  pro- 
files downwind  from  a  small  isolated  forest  stand.   Despite  the  limited  number  of 
stations,  tiie  models  fit  the  data  reasonably  well  except  for  one  outlier,  north  station 
N39(0).   That  station  was  plotted  separately  in  relation  to  the  control,  north  station 
N40(T).   Station  N59(0)  is  completely  surrounded  by  tall  timber,  which  greatly  restricts 
the  freedom  of  air  movement;  the  cut  strips  are  incompletely  surrounded,  whicii  allows 
more  surface  air  movement. 


Figure   6. --Mean  seasoyial  windspeed 
by  aspect.      Closed  circles  rep- 
resent south  stations,   open 
circles  represent  north  statio)is. 
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Summary .-- Aspect   differences  in  windspeed  were  pronounced.   Larger  openings  in  tlie 
timber  were  associated  with  greater  winds]ieed  regardless  of  aspect.   Trees  that  com- 
pletely circumscribed  a  small  clearing  greatly  reduced  windspeed  across  the  opening. 


Maximum  Snow  Deposition 

Snow  water  equivalent  measured  at  the  peak  during  late  winter  has  been  the  tradi- 
tional approach  for  evaluating  site  differences  under  wintertime  conditions.   Average 
date  of  maximum  depth  on  north  aspect  occurred  on  March  19,  or  15  days  later  than  on 
the  south  aspect.   These  average  dates  may  be  early  because  the  melt  season  was  atypicc 
during  1972  and  1975.   The  long-term  record  for  nearby  Benton  Creek  snow  course  (USDA, 
Soil  Conservation  Service  1975)  indicates  that  maximum  depths  apparently  occur  7  to  10 
days  later  on  either  aspect  or  mid-March  on  the  south  aspect  and  late  March  on  the  nort' 

The  modeled  relationship  of  snow  deposition  as  a  function  of  distance  from  the  edg 
of  forest  (table  4}  appears  in  figure  7;  the  station-by-station  profiles  for  both  aspec 
are  plotted  in  figure  8. 

South  aspect. — Gains  compared  to  forest  conditions  increased  to  1.9  inches  (5  cm) 
and  then  declined  after  a  distance  of  1.0  tree  height  away  from  the  edge.   No  real  gainn 
was  measured  beyond  4.0  tree  heights  in  the  average  year  (table  4). 

Table  i .  - -Conparison  of  gains    in  clearingr.   for  station-years   1970-73 


Distance  from  west        : 

edge  of  timber  :  North 


Feet  _________  Inches 


2S 

50 
100 
400 

1  ,  OOO'^ 

03 
25 
SO 
100 

400 
1  ,000 


Maximum  Snow  De 

3osit ion 
0 

(WE) 

+  4 

4 

(11 

2;5 

+5 

6 

(14 

2) 

+  6 

6 

(16 

8) 

+  8 

6 

(21 

8) 

+  10 

.8 

(27 

4> 

Precipitation 

(Adjust 
0 

edj 

+4 

70 

(11 

94) 

*4 

50 

(11. 

9S) 

+  8 

22 

(20. 

88) 

+  12 

67 

C52. 

18) 

Percolation 

0 

+3 

55 

(9. 

02) 

+4 

01 

(10. 

19) 

+  8 

58 

(21. 

79) 

+  13 

55 

(34. 

42) 

+  11 

44 

(39. 

OR) 

+  1 

9 

(4 

8) 

+  1 

6 

(4 

1) 

+  0 

4 

(1 

0) 

+  0 

.1 

(0 

S) 

+  3 

55 

(9 

02) 

+5 

75 

(14 

60) 

+  3 

32 

(8 

42) 

25  +3.55  -2.14 

(5.44) 
86 

100  +8. 58  -1.84 

(4.67) 
^^'^  +13.55  +0.43 

(1.09) 

.iiiicr  +11.44  -1.90 

(4.83) 


^North  -  station?  42  and  40  combined;  south  -  stations  47  and  47.7  combined. 

'Mean  of  years  1972-1973. 

'North  -  stations  42  and  40  combined;  south  -  station  47. 

■"Mean  of  years  1971-1973. 

-Italicized  units  in  centimeters. 


Most    sinnv    rcscarchci's    workin;.'    iii    I'oi'csts    Ikixc   dcinuiist  r.it  rd    t  li.i!    ,is    soon    a-,    .m    uprii- 
inj;    is    croatt.\I    more    snow    is    dcpns  i  t  ihI  ,    (.'xcept    on    \'cr>'    uind)'    tffi'ain.       \'.    to    tin.'    frasmi 
for   more    snow,    cvLdeiico   ovci-    tlic    >ears    lias    hcL'ii    con  t' 1  id  i  ii;;    ( Aiulo  ■•■-on    and    oliu-f-    l'.i'"(>i. 

There    is    a    reasonable    explanation    foi-    1  i  t  I  I  l^    ^>r   no    w:\\     ineroa^^t     in    :.ii()w    be\ond 
4.0   tree    heii;hts    and    up    to    10.0   t  I'ee    lieiv.hls    on    t  lie    south    aspect.       Ilaiipt     (107/;)    con- 
cluded   that    the    proxiinit}'    ol"    tiie    clearcut    to    the    iii.iin    i'id«',c',    with    ■,',reat(.T    oxpo:,iii-e    of 
wind    and    enei'i^>  ,    were    eont  i"  ilnit  i  n,i',    I'actoi's.       It    was    round    that    prc\M  i  1  i  ii;',   wind-,    scour'ed 
snow    in    the    clearings,    transjiorted    some   of    it    ovei-    the    rid;',c,    and    deposited    it     in    a 
cornice    to    the    lee    of   the    ridge.       In    \-eai-s    lOT'O    and    1071,    the    cornice    accuinu  1  at  od    -is,- 
nifieaTitl}'   more   U'.h.    b)    mid-March    tlian    would    have-   oecui'i'ed    if   the    c  1  oa  r  i  ii;',s    iiad    not 
existed    on    the    soutli    aspect.       Because    north    aspect    stations    are    located    well    downsjopo 
and    slightl)'   upwind,     it     is    unlike!}'    tliat    snow    from    tlie    south    snowpack    was    moved    much 
be\'ond   tlie   coiniiec   and    redeposited    tliere. 

(ireater   '.vindspecd    in    the    soutli    clearcuts    also    siig;j,este(.l    accelerated    c^va|'oiMt  i  on    or 
sublimation    losses    from   the    snowpack.       B>'    assuming    exposure    conditions    similai-    to    those 
described   b\'   West    (lOSO)    t'or   wind)'    locations   near   ridges,    the   expected   ev.ipiorat  i  on   or 
sublimation    losses    (not   measured)    could    have   been    1    to    2    inches    (J    to   S   cm)    greater    in 
the    larger   clearings   than    i  ii    the   north   clearings   and    soutli    forest. 

Jortii  Lisj'ec  t.  --Thi^   aspect    shows   an   exponential     increase    in   IV. i;.    with   an   ex|'aii'-ion 
of   the   size   of   the   clearing.      Average   gaiirs   uj")   to    10. S    inches    (27   cm)    occurred    in    the 
largest    clearing    (table    4,    figures    7    and    8). 

Was   on-site   redistribution   of  snow   by   wind   a    factor   cont  )•  i but i ng   to   greater    snow 

de]X)sition    in    the   clearings?      Tiiis  question   has    been    answered    a  f  f  i  rmat  i  ve  1  >'    elsewhere    in 

studies   of   forest    versus   clearings  in   the   high   elevations   of   central    Colorado.      Hoover 
and    Leaf    (1007)    concluded: 

This    result    (cutting   treatment   did   not    increase    snow   storage]'    fails    tvi   confirm 
the   hypothesis   that    the    increased    streamflow   after   treatment    is   brc)iight    about 
by  decreased    interception    loss.      Our    inference    from   this   and    the   actual    dif- 
ference   in    snow   catch   between   cut    and   uncut    strips    is    that    while   total    snow 
catch   remains   the    same,    it    is   distributed   differentl}'   o\'er'   the   watershed. 


0) 


Maximum    Snow    Deposition   (WE) 


Figure   7 .--Max-imun]  snow  deposi- 
tion by  aspect.      Closed 
eivcles  represent  soutli  sta- 
tions,   open  aivcles  represent 
north  stations. 
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^Parenthetic    expression   that    of   the   author. 
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There  is  less  snow  held  by  the  forest  covered  strips  and  more  in  the  openings 
than  there  was  before  treatment.   The  reason  for  this  redistribution  is  the 
effectiveness  of  the  openings  in  trapping  snow  transported  from  the  inter- 
vening forested  strips.   Before  cutting,  wind  action  sifted  snow  through  the 
forest  canopy  and  tended  to  accumulate  it  on  the  ground  in  numerous,  rather 
evenly  distributed,  small,  natural  openings.   After  cutting,  the  resultant 
openings  are  effective  snow  traps  and  the  wind  stress  on  the  remaining  forest 
canopy  is  increased.   This  has  caused  the  removal  of  some  snow  that  formerly 
settled  in  the  forested  strip  to  the  adjacent  open  areas. 

Other  researchers  working  in  Colorado  (Dietrich  and  Meiman  1974;  Gary  1974)  and  in 
central  Sierra  Nevada  (Smith  1974)  support  the  Hoover-Leaf  hypothesis.   Gary,  in  partic' 
ular,  concluded  that  greater  W.E.  in  a  small  isolated  clearing  1.0  tree  height  wide  by 
5.0  tree  heights  long  (35  by  IbO  ft  or  11  by  49  m)  must  be  weighed  against  decreased 
W.E.  in  tlic  adjacent  downwind  forest. 

Our  measurements  of  snow  taken  at  four  different  locations  in  the  forest  (see 
below)  do  not  support  the  Hoover-Leaf  hypothesis. 


Forest-station  N40    (T) 
[1  mile    (1.6  km)   upuind 
from  station  M2(T)] 


Forest-station  N42(T) 
Maximum  W.    E.    inches  ■ 


Forest   leave-strips 
No.    1  No.    2 


10.  1 
(25.6  cm) 


11, 
(28, 


cm) 


10.5      11.7 
(26.2  cm)  (29.7  cm) 


Seasonal  Precipitation 


Larly  investigators  recognized  that  gage-catcli  deficiencies  were  proportional  to 
wind  velocity  (LI. 11.  .^rm)',  Corps  of  Engineers  1956).   The  Central  Sierra  Snow  Laboratory 
developed  linear  adjustment  factors  based  specifically  on  mean  winter  windspeed.   These 


Increased  wind  stress  carries  snow  from  canopies  close  to  the  forest  edge  to  adjacent 
openings.   If  this  process  were  operative,  the  measurements  near  the  forest  edge  (sta- 
tion N42(T)  and  particularly  in  the  narrow,  windswept  leave-strips  (see  above  and 
fig.  8)  should  reflect  a  sharp  decrease.   Instead,  the  three  locations  have  W.E.  values 
in  inches  comparable  to  the  measurement  taken  deep  in  the  forest  (station  N40(T)), 
1  mile  (1.6  km)  upwind  and  quite  removed  from  the  far-distant  forest  edge  near  station 
N42(T).   (Variations  among  the  four  values  shown  are  considered  the  normal  "noise"  for 
snow  measurements  taken  in  the  forest.) 

Comparison  of  records  in  forest  and  small  clearings  as  well  as  weekly  observations  1 
indicate  that  snow  on  the  more  protected  nortii  aspect  tends  to  persist  on  mature  trees--  H 
sometimes  for  several  weeks.  Unlike  snow  in  the  higher  and  colder  Colorado  Rockies,  | 
very  little  is  blown  from  the  canopy.  When  snow  is  dislodged,  it  usually  falls  to  the 
forest  floor  in  massive  wet  clumps  (llaupt  1972b). 

Because  the  Hoover- Leaf  hN'jiothesi  s  does  not  seem  appropriate  for  Priest  River  con- 
ditions, other  processes  such  as  interception  loss  from  evaporation  or  sublimation  of 
canopy-held  snow  and  wind  eddy-forest -edge  effects  during  storms  appear  to  be  operative, 

Swvmarij  _  --On   the  south  aspect,  buildup  in  snow  W.E.  was  restricted  because  of 
losses  by  wind  scouring  and  perhaps  by  evaporation  or  sublimation.   These  factors  had 
minimal  influence  on  the  north  asjicct  as  evidenced  by  the  accumulation  of  large  depths 
of  snow  W.i:.,  especially  in  the  wider  clearings.   The  processes  influencing  this 
buildup  appeared  to  be  different  from  those  in  the  higher  elevation  forests  of  Colorado 
and  California. 
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factors   are   used   to   correct    wind-related   deficiencies   at    stations    in    this    stud\-    (tal)K- 
A5).      A   reference   taiUe    showini;   the    factors    is    included    (talile    I'.l). 

South  aspect. — The  decline  in  seasonal  precipitation  iie;',ins  1.0  to  J.o  tree  hei'.'ht 
downwind.  At  4.0  tree  iici.uhts,  total  catch  is  no  i^reatei-  than  ri'coi-drd  f(u-  the  r>o-f<)ut 
(15   111)    wide    striji    (table   4    and    fig.    '.) )  . 


Figure   9. — Seasonal  precipita- 
tion   (adjusted)   by  aspect. 
Closed  circles  represent 
south  stations,    open  circles 
represent  north  stations. 


Seasonal   Precipitation    (adjusted) 


North   Aspect 
4 


South  Aspect 


45c 


50   100      200      300      400 
Distance  From  West  Edge  of  Forest  -  Feet 


North   aspeL?f. --Inspect  ion  of  the  relative  k^i'h^  (table  4)  ami  of  the  plot  of  the 
gains  against  distance  from  edge  of  forest  (fig.  0)  reveals  tliat  the  effect  oi"  clearing 
on  the  north  aspect  resulted  in  a  positive  exjionent  ial  increase  in  catch.   Inci'eases  of 
more  than  \7>    inclies  (33  cm)  were  recorded  at  distances  of  2.7  tree  heights  from  the  etlge 
of  forest.   Although  we  made  no  measurements,  we  assumed  that  totals  would  decline 
beyond  5.0  tree  heights.   This  is  suggested  by  the  decrease  in  percolation  measured  at 
lysimeters  located  beyond  3.0  tree  heights. 

What  factors  may  be  associated  with  increases  in  catch?   Do  these  increases  result 
from  savings  in  interception  loss  and  (or)  from  local  wind  eddy-forest  edge  effects 
during  storms  as  well? 

Discussion. --Vedorov  and  Hurov  (19b7)  offered  the  hypothesis,  supiiorted  In-  consid- 
erable evidence,  that  local  wind  eddy-forest  edge  effects  are  important.  They  developed 
a  rationale  for  defining  an  "ideal"  clearing  of  optimum  dimensions  (in  terms  of  angle  of 
shielding  of  tlie  horizon)  where  the  most  reliable  amount  of  jirec  i  p  i  t  at  i  on  falls.  I  i"  the 
clearing  was  too  large  or  too  small,  differences  occurred  in  the  amount  oi'  ])rec  i  p  i  t  at  i  on 
measured. 

The\-  reported  that  the  increase  in  error  for  clearings  of  large  dimensions  (angle 
of  shielding  of  <20°j  can  be  explained  by  the  influence  of  aerodynamic  coiulitions.   This 
influence  is  manifested  in  a  slight  expansion  of  the  storm-bearing  streamlines  over  such 
a  clearing  and  in  the  slowing  of  the  main  streaiii  pi^omoting  excess  pi-ec  i  p  i  tat  i  on .   On  the 
deficit  side,  the  expansion  of  the  streamlines  is  less  pronounced  over  small  clearini'.s 
with  an  angle  of  shielding  of  greater  than  45°.   In  such  cleai-ing.s  during  strong  winds, 
snow  (or  rain)  falls  at  an  oblique  angle;  so  jiart  oi'   the  precipitation  is  i  iit  ei'cept  ed 
by  bordering  trees  and  does  not  enter  the  receiving  surface  of  a  rain  gage.   llius,  the 
ideal  clearings,  where  the  same  amount  of  precipitation  falls  as  in  the  surrounding, 
forest,  are  those  that  are  shielded  from  the  horizon  at  an  angle  of  30°  to  45°. 


13 


The  Fedorov-Burov  description  of  ideal  clearings  agrees  with  an  earlier  evaluation 
of  gage  exposures  conducted  by  Brown  and  Peck  (1962)  in  Utah.   Brown  and  Peck  subjec- 
tively described  the  best  or  optimum  opening  for  siting  a  rain  gage,  as  being  "well- 
protected"  or  sheltered  in  all  directions  (a)  by  objects  subtending  angles  of  20°  to 
30°  from  the  gage  with  none  greater  than  45°  and  (bj  by  objects  of  sufficient  breadth 
to  minimize  eddy  effects. 

The  criteria  developed  by  Fedorov  and  Burov  and  by  Brown  and  Peck  were  applied  to 
the  north  aspect  stations  as  shown: 


dim 
tien 
{sce 


Station 


Angle  of  shielding  of 
the  east  and   (or)  west 
horizon 


N42(0) 

(forest) 
N45(0) 

(clearing) 
N39(0) 

(clearing) 
Ideal->N44(0) 

(clearing) 
N46(0) 

(clearing) 


90' 


65' 


49' 


42' 


14' 


Comparison  of  precipita- 
tion gains  in  clearings 
(Inches) 


0,0 

4.70 

4.50 

8.22 

12.67 


Comparison  of  maximum' 

snow  deposition   (W.E 

gains  in  clearings- 

(Inches) 


0.0 
4.4 
5.6 
6.6 
8.6 


The  precipitation  gains,  as  well  as  maximum  W.E.  gains,  correlate  reasonably  well  with 
the  Fedorov-Burov  hypothesis:  stations  N45(0)  and  N39(0)  are  apparently  overshielded 
(too  little  precipitation  catch),  station  N46(0)  is  undershielded  (too  much  catch), 
while  station  N44(0)  represents  (with  some  reservations)  the  "ideal"  clearing.   Station! 
N44(0),  unobstructed  by  trees  on  its  south  boundary,  may  be  undershielded  in  that  direc- 
tion.  Notwithstanding  this  limitation,  and  if  we  assume  that  precipitation  measured  in 
the  clearing  approximates  that  falling  into  the  forest,  the  gain  of  8.22  inches  (21  cm) 
may  about  equal  or  slightly  exceed  interception  loss  associated  with  old,  climax  stands 
(cedar-hemlock  habitat  type)  on  north  aspects.   By  expanding  this  logic,  gains  regis- 
tered at  stations  N45(0)  and  N39(0)  represent  an  underestimate  of  interception  loss, 
and  the  gain  observed  for  station  N46(0)  includes  the  increment  of  interception  loss 
plus  an  increment  of  4  or  5  inches  (10  or  13  cm).   This  last  increment  may  represent 
excess  precipitation  caused  by  wind  eddy-forest  edge  effect  during  storms. 

The  snow]Tack  gain  of  6.6  inches  (17  cm)  measured  at  station  N44(0)  offers  further 
evidence  of  the  magnitude  of  interception  loss.   Likewise,  the  snowpack  gain  observed 
for  station  N46(0)  includes  interception  loss  plus  an  additional  2  inches  (5  cm).   The 
last  may  represent  excessive  snow  deposition  (precipitation) .   However,  the  snow  gains 
at  stations  N44(0)  and  N46(0)  constitute  net  precipitation  and  therefore  are  under- 
estimates compared  to  gains  measured  by  the  precipitation  gages.   Underestimates  re- 
sulted from  differential  losses  before  April  1  due  to  winter  melt,  percolation,  and 
evaporation  and  sublimation. 

The  following  questions  remain:  At  what  point  downwind  from  station  N46(0)  does 
deficit  precipitation  balance  excess  precipitation?  Or,  is  the  excess  precipitation 
at  station  N46(0)  merely  the  deficit  precipitation  that  did  not  fall  in  the  large 
south  aspect  clearing? 

Summary. — Precipitation  totals  on  the  south  aspect  openings  declined  after  1.0-2.0 
tree  heights  downwind.   Precipitation  totals  on  the  north  aspect  increased  with  dis- 
tance from  the  forest  edge  to  at  least  3.0  tree  heights.   There  seemed  to  be  an  opening 
of  optimal  size  where  the  same  amount  of  precipitation  fell  as  fell  over  the  forest. 
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roin    7    to    8    inclies    (IS    to    21)   cm)    represented    tlic    interception    loss    ;is:.oc  i  ;it  od    uitli    old 
liiiiax    stands   on    nortli   aspects.      On    small    clearin!_;s,    tlie    proc  i  |' i  t  at  i  on    catch    \::r-    dcfi 

tient    b\'   aliout    4    incites    (10   cm),    whereas   on    the    lar.v.e   i>pcnin;',   the   catch    ;';iiiu-d   ,in 

I'xcess   of  about    4    inches    (10   cm). 


SEASONAL,  MONTHLY,  HIGHEST  DAILY 
AND  MEAN  DAILY  PERCOLATION 


Seasonal  Percolation 


Percolation  measured  by  the  lysimeter  rejirescnts  net  precipitation  avail 
nfiltrate  the  soil  surface.  On  the  north  aspect,  the  v;eneral  patteiai  of  pei- 
;ains  closely  resembles  that  of  precipitation  gains,  although  iniliviilual  Tota 
slightly  less  in  smaller  openings  and  slightly  greater  in  the  larger  openings 
rhese  apparent  differences  ma)'  not  be  important  because  correct  it)n  fact(u-s  wc 
:o  adjust  precipitation. 

Lysimeter  results  on  the  south  aspect  were  total  1>-  unlike  those  on  the  n 
[fig.  10).  Here  seasonal  deficits  rather  than  gains  were  measui-ed  for  the  av 
It  each  station  in  the  clearing  excejit  station  SSJ(O),  where  a  small  gain  occ 
individual  years,  there  were  small  increases  in  other  south  aspect  clearings. 
)ne  year,  however,  the  gain  was  never  gre.ater  than  2  inches  (8  cm). 

Seasonal    Percolation 


able    to 
CO  1  at  ion 
Is   are 

(table    1 ) . 
re    used 

(jrth   aspect 

erage   )'ear 

urred.       In 

In    an)' 


_North  Aspect 


Figure   10. — Seasonal  pevaolation 
by  aspect.      Closed  circles 
represent  south  stations, 
open  circles  represent  north 
stations . 


400  600  800  1000 

Distance    From   West    Edge  of     Forest  -    Feet 

There   are    important    sources    of   water    loss    associated    with    the    larger    south-aspecl 
:learings   during   and   between    storm   i>criods.      These   are   discussed    in   tletail    b\    (Mine 
md   others    (1977)  . 

Sumnary .  - -'\\\Q   general    pattern   of   seasonal    jicrco  1  at  i  on    gains    due    to    foi-est    removal 
vas   similar   to   that    of   precipitation   gains    (corrected    i'or   wind). 
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Monthly  Percolation 


Under  average  conditions,  percolation  occurred  at  each  station  in  every  month  of 
study  (fig.  11).   Tor  some  individual  year-month  combinations,  snowpack  temperatures 
were  too  low  to  permit  release  of  water  from  the  snowpack  (appendix  C) . 

In  cool  winter  months- -November  through  February- -the  snowpack  in  the  north  for- 
est usually  released  more  water  than  the  snowpack  in  the  smaller  openings  (25,  86,  and 
100  feet  or  8,  26,  and  30  m  wide).   Only  in  large  clearings  (400  and  1,000  feet  or  122 
and  305  m  wide)  was  percolation  greater.   With  few  exceptions,  less  water  was  released 
from  openings  on  the  south  aspect  than  from  openings  in  the  forest. 

Drip  originates  in  the  canopy  and  contributes  to  the  release  of  water  or  percola- 
tion in  the  forest  during  winter.   This  phenomenon  is  more  evident  tree  for  tree  in  the 
south  forest  because  of  the  greater  influx  of  energy  (Haupt  1972b). 

By  March,  the  snowpack  melts  rapidly  in  larger  clearings,  particularly  in  those  on 
the  south  aspect.   As  a  consequence,  monthly  percolation  is  faster  than  in  the  shaded 
forest  (fig.  11). 

By  April  and  May,  monthly  percolation  in  the  large  north  clearing  far  outstrips 
that  in  the  forest  because  of  deeper  snowpacks  and  greater  daytime  melt.   The  reverse 
condition  prevails  on  the  south  aspect  where  snow  generally  disappears  in  the  large 
clearings  by  May,  but  persists  in  the  forest.   Consequently,  monthly  percolation  for 
May  is  greater  in  the  forest  (fig.  11). 

Summary.- -VI at er   generally  drains  from  the  snowpack  in  every  month  of  the  winter. 
Because  of  drip  contribution  from  foliage,  snowpacks  under  timber  drain  more  water  than 
snow]iacks  in  the  clearings,  except  in  the  larger  openings  on  the  north  aspect.   The 
reverse  situation  occurs  by  March  on  the  south  aspect  and  by  April  on  the  north  aspect: 
because  of  greater  energy  flux,  more  water  drains  from  clearings  than  under  the  forest. 
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Highest  Daily  Percolation 


Does  clear  weather  snowmelt  or  rain  with  snowmelt  (rain  on  snow)  produce  greater 
daily  totals  of  percolation  in  the  Experimental  Forest?   Does  the  size  of  clearing  ha'^ 
an  effect? 

For  the  study  period,  the  35  highest  ranking  daily  outflows  of  clear  weather  snow- 
melt and  of  rain  with  snowmelt  on  the  north  aspect  and  the  28  highest  on  the  south 
aspect  (1  year  less  of  record)  were  averaged.   Stations  S52.2(0),  S47.7(T),  and  N46.6({ 
were  excluded  from  the  analysis  because  of  too  few  years  of  data.   The  highest  daily 
totals  for  each  station  event  are  listed  in  appendix  D,  but  only  the  mean  values  will 
be  discussed  (table  5) . 


Table  5. --Highest  daily  percolation,    in  inches 


Event 


Distance  from  west  edge  of  forest,  in  feet 


400 


100 


86 


25 


0' 


0^ 


Snowmelt 


Rain  with  snowmelt 


n=35 


Snowmelt 


Rain  with  snowmelt 


n=28 


North^ 

1.40      1.22      1.05 
(3.56)''        (3.10)  (2.67) 

1.26      1.02      0.91 
(3.20)  (2.59)  (2.31) 


South^ 


1.08 

(2.74) 

1.00 

(2.54) 


0.96 

(2.44) 

0.91 

(2.31) 


0.68 

(1.73) 

0.89 

(2.26) 


1 

(2. 

10 

79) 

0.95 

(2.41) 

1 
(2. 

16 

95) 

1.01 
(2.57) 

0.91 

0 

98 

(2.31) 

(2. 

49) 

0.99 

1 

23 

(2.51) 

(3. 

12) 

North  -  station  42;  south  -  station  47. 


1 

^North  -  station  40. 
^Years  -  1969-1973. 
"^Italicized  units  in  centimeters. 
^Years  -  1970-1973. 


North  aspect. — Except  at  station  N40(T),  the  24-hour  daily  snowmelt  exceeded  the 
24-hour  rain  with  snowmelt  in  the  forest.   This  is  also  true  of  all  stations  in  the 
clearings.   For  both  weather  events,  the  relationship  was  the  same:  the  greater  the  dis- 
tance to  the  middle  of  a  clearing,  the  greater  the  daily  percolation.   This  would  be 
expected  with  snowmelt  because  of  greater  energy  flux  in  the  larger  clearing  and  with 
rain  with  snowmelt  because  more  precipitation  falls  in  the  larger  clearing. 

However,  a  timing  delay  contributed  to  higher  snowmelt  totals.   Normally,  the  snow- 
pack  persists  until  late  in  the  season  and,  therefore,  responds  to  the  increased  energy 
flux  common  to  nonrainy  periods  in  late  spring.   Highest  daily  snowmelt  invariably 
occurs  in  the  last  6  to  10  days  before  snow  disappears  in  May.   The  highest  24-hour 
totals  of  rain  with  snowmelt  are  associated  with  warm,  rainy  storm  fronts  that  move 
across  Idaho  in  November,  December,  and  January. 
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South  aspect .  --The   melt  picture  is  more  comiilex.   Bv  L-xaiii  i  ii  i  iii;  the  data  from  clear- 
ings, we  find  that  daily  snownielt  increases  as  the  distance  fi-om  ed;',e  ol"  fofcst  in- 
creases.  However,  daily  snowmelt  in  the  forest  is  as  pj-eat  or  ).'.r''a1er  lliaii  that  in  an\- 
clearing,  except  station  52.   I'liis  hicji  melt  rate  for  the  forest  follows  a  time-dela\- 
relationship.   The  snov\qiack  shaded  b)-  the  forest  lasts  lon)',er,  usual  1\-  into  Ma\-,  aiul 
so  may  receive  a  greater  energy  flux. 

On  the  south  aspect,  the  most  elevated,  24-hour  total  ( 1  .  2.S  inches  or  3.12  on) 
occurred  as  rain  with  snowmelt  in  the  forest.   Our  lysimeter  records  indicate  that  this 
total  includes  a  large  increment  of  driji,  which  is  associated  exclusivel\-  with  ti'ees. 

Based  upon  per  unit  of  crown  projection,  the  south  forest  has  the  ca|ial)  i  1  i  t  \'  ol" 
producing  more  percolation  in  a  24-hour  period  than  the  north  forest.   lor  open  i  iij','".  in 
general,  greater  percolation  totals  can  be  ex]iected  in  north  clearings  tlian  in  south 
clearings . 

Surrmai'ij . — The  highest  daily  percolation  rates  usually  are  associatetl  with  snowpacks 
in  clearings  rather  than  those  under  the  forest.   There  is  one  cxcc|ition,  the  south 
aspect  forest.   Here  the  drip  contribution  can  be  phenomenally  high  because  the  enei-g,y 
flux  associated  with  sunny,  windswept  slopes  is  greater  than  in  the  forest.   Only  in 
the  largest  clearings  on  the  north  slope  do  dail\'  rates  exceed  tliose  in  the  forest  on 
the  south  aspect. 


Mean  Daily  Percolation 


Mean  daily  percolation  was  determined  by  a  two-ste]-)  procedure:  the  first  stej)  was 
to  select  a  beginnitig  date,  time  =  day  1.   1-or  the  winter  period,  time  =  da\-  1  was 
November  1.   The  second  step  was  to  accumulate  consecutive  days  of  percolation  through 
February  28  (time  =  day  120]  and  then  to  divide  by  120  to  calculate  the  mean  dail\-  rate. 
For  the  spring  period,  time  -   day  1  was  March  1  and  tlte  mean  daily  rate  was  baseil  upon 
the  number  of  days  up  to  and  including  the  final  day  of  melt.   Mean  rate  b>'  \'eai-,  aspect 
and  station  are  listed  under  appendix  I-,;  table  6  displays  mean  rates  for  combined  )-ears 
1971-75. 

On  both  aspects,  from  November  1  through  February  2S  mean  rates  in  the  forest 
equaled  or  exceeded  those  in  the  clearings  except  for  noi-th  station  N4(i(n).   The  hig.h 
mean  rate  in  the  forest  was  due  primaril}'  to  the  drip  component.   Al'ter  March  I,  the 
percolation  rate  pattern  reversed;  rates  in  the  clearing  etiualed  or  exceeded  those  in 
the  forest  because  of  more  exposure  to  energy  sources. 

Table  6  shows  April  b  in  the  average  year  as  the  last  da>'  that  snow  was  present  at 
all  stations.   Mean  rates  on  April  6  were  greater  at  eacli  location  on  the  south  aspect 
than  on  the  north  aspect.   This  relationship  held  whenevei-  the  snowjiack  was  on  both 
aspects.    (A  comjiarison  of  the  means  of  two  different  stations  must  be  calculated  t  lie 
same  day  to  be  valid.) 

After  March  1  mean  percolation  rates  in  all  but  onc^  of  the  clearin;',s  surji.assed 

those  of  the  forest  as  long  as  snow  remained  in  tlie  clearing  and  forest.   The  exception, 

north  station  N.S9f()),  sometimes  had  rates  no  greater  than  those  in  the  adjacent  forest, 

which  suggests  that  the  wind  and  the  slruling  effect  kejit  melting,  to  a  minimum. 
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Sumtnai'U .  --On   snow-covered  north  and  south  aspects,  mean  daily  jiercolat  i  on  rates 
are  always  greater  on  south  slopes  regardless  ol"  the  degree  oi'   foiest  removal.   Small 
wel 1 -protected  clearings  on  the  north  aspect  do  not  increase  moan  daily  rates  signifi 
cantlv  over  those  in  the  surrounding  forest. 


Snow  Disappearance 


Ground  surface  became  bare  of  snow  earliest  in  the  largei-  soutli  as|)ect  clearings 
(table  6)  some  7  to  11  days  after  April  1  (table  7).   Snow  melted  in  the  soutli  forest 
an  average  of  10  to  16  days  later.   F.arly  snowmelt  in  the  clear  ing,s  resulted  from  fa) 
lack  of  a  deep  snowpack  at  the  beginning  of  melt  and  (b)  higher  average  melt  (or  perco- 
lation] rates  than  those  in  the  forest. 


Table  7. --Mean  elapsed  days  after  April    1   before  snow  disapf eara)icr    in    I iji-imetepr,, 

Ijears   1972-73 


Distance  from  west  edge  of  forest,  in  feet 


Slope  :   1,000    :   4  00    :    100    :     8b    :     25    :     0 


South  7        11         7  21        19        27 

North  42        39        40        38        35        35        30 


^North  -  station  42;  south  -  station  47. 
^North  -  station  40;  south  -  station  47.7, 


In  sharp  contrast,  a  much  deeper  snowpack  had  been  deposited  in  the  north  clear- 
ings by  the  start  of  spring  melt.   In  spite  of  higher  melt  rates,  north  clearings 
usually  kept  their  snow  covering  2  to  12  days  longer  than  the  forest  floor. 

A  comparison  of  stations  847 (T)  and  847. 7 (T)  in  the  soutli  forest  showed  that  47.7, 
the  more  shaded  of  the  two,  kept  its  snow  8  days  longer.   In  the  north  forest,  canopies 
over  stations  N42('T)  and  N40(T1  were  nearly  alike.   However,  station  40  was  ajiproxi- 
mately  300  feet  (91  m)  lower  in  altitude  which  may  explain  why  snow  disappeared  3  days 
later  at  tlie  higher  station  (table  7)  . 

Surmiarij.  - -General  ly ,    the  greater  the  distance  from  the  edge  of  forest  the  later 
snow  persisted  on  the  north  aspect  and  the  sooner  it  disappeared  on  the  south  aspect. 
Also,  the  denser  the  forest  cover  on  the  south  aspect,  the  longer  the  snow  cover 
remained. 
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SNOW  DLPTH,  SNOW  DENSITY  AND  BIG  GAME  MOBILITY 


W 


Winter  represents  the  critical  time  of  year  for  big  game  because  snow  can  severely 
hinder  animals  searching  for  shelter  and  forage.   Big  game  biologists  claim  two  prop- 
erties of  the  snowpack- -depth  and  density  (hardness) --are  of  paramount  influence. 
Table  8  shows  approximate  threshold  depths  of  soft  snow  at  which  mobility  becomes  diffi 
cult  for  the  four  major  big  game  animals  of  northern  Idaho.   Note  that  moose  can  move 
about  in  twice  the  depth  of  snow  as  the  lithe,  fleet-footed  mule  deer. 

As  the  snow  density  increases  so  does  the  mobility  problem.  Nasimovich  (1955)  ! 
described  in  considerable  detail  the  effect  of  various  snow  densities.  For  instance, 
if  snow  is  loose  and  powdery  with  low  densities  ranging  between  0.15  and  0.20,  large 
mammals  can  run  without  difficulty  in  greater  depths  than  those  shown  in  table  8.  If  , 
the  densities  are  in  the  0.21  to  0.22  range,  snow  impedes  the  animals'  movements.  If  I 
densities  range  between  0.24  and  0.26,  animals  do  not  sink  as  far  into  the  snow,  but  it  I 
is  more  difficult  for  them  to  lift  their  feet  from  the  hole  in  the  snow  to  take  another 
step. 

Snow  of  very  high  density  (crustiness)  can  also  hinder  the  animal  in  moving  about, 
according  to  Kelsall  and  Prescott  (1971) .  Many  crusts  are  hard  enough  to  support  walk- 
ing animals  and  some,  but  not  all,  do  so.  Animals  that  break  through  can  lacerate  thei] 
feet  and  legs  on  sharp  edges. 


Table  8 .- -Approximate  depth  of  soft  snow  when  mobility  becomes  difficult  for  large 

mammals 


Mammal 


Literature  reference 


Mule  deer 
Moose 
Caribou 
Elk 


Inches 
18 

37 

24 
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Gilbert  and  others  1970 

Nasimovich  1955 

Pruitt  1959 

Kelsall  and  Telfer  1971; 
Kelsall  1969 


^Calculated  from  analogous  data. 

When  snow  is  deepest  in  the  Priest  River  study  area,  large  mammals  would  find  the 
going  impossible  on  the  north  aspect,  especially  in  clearings.   In  winters  such  as 
1973,  when  snowfall  is  low,  it  might  be  feasible  for  them  to  move  through  the  forest 
(table  9).   Mobility  here  would  be  easier  with  the  slightly  lower  densities  associated 
with  the  shallow  1973  snowpack  (table  10). 

On  the  average,  conditions  on  the  south  aspect  are  slightly  better,  but  only  in 
years  of  low  snowfall,  such  as  1973.   In  such  winters,  the  large,  windswept  opening  as 
well  as  the  forest  sites  offer  more  favorable  snow  depths.   However,  densities  would 
be  high  and  the  excessive  crustiness  associated  with  south  exposures  might  be  impeding. 

Early  melt  is  a  south-aspect  attribute.   The  large  south-aspect  clearing  melts 
soonest  and  so  shrub  forage  appears  much  earlier  there  than  on  other  sites. 
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I'able   9. --Greatest  snow  depth  and  approximate  dai/   of  itr.   oc-curT'em-e  on  north  and  south 

aspects 


Aspect/ 
vear 


Approx  i- 

mate 

day  of 

occurrence 


Distance  from  west  edge  ot"  forest,  in  feet 
1 , QUO   :    400   : 


100 


SO 


Tnc'i.ei 


25 


North 


1970 

3/25 

63 

61 

58 

54 

45 

44 

1971 

4/1 

57 

56 

55 

47 

39 

29 

1972 

3/2 

56 

60 

54 

50 

53 

43 

31 

1973 

3/15 

54 

45 

42 

33 

34 

17 

14 

M 

3/19 

55 

5b 

53 

49 

47 

36 

30 

(1.4 

m) 

(1.4  m) 

(1.3  m] 

(1.2 

m) 

(1.2  m) 

(0.9  m) 

(0.8 

South 


1970 

3/18 

38 

44 

1971 

3/17 

46 

45 

1972 

2/17 

40 

44 

47 

1973 

2/22 

28 

29 

31 

M 

3/4 

34 

39 

42 

(0.9  m) 

(1.0  m) 

(1.1  m) 

m) 


47 

48 

52 

47 

49 

46 

44 

29 

27 

18 

44 

42 

31 

(1.1  m) 

(1.1 

mj 

(0.8  m) 

^North  -  station  42;  south  -  station  47. 
^North  -  station  40;  south  -  station  47.7. 


Table  10. --Snow  density  at  greatest  depth  on  north   and  south  aspects 


Aspect/year 


Distance  from  west  edge  of  forest,  in  feet 


1  ,  000 


4  00 


100 


50 


25 


North 


1970 
1971 
1972 
1973 


0.35 

0.34 

0.33 

0.34 

0.35 

0.33 

.36 

.35 

.34 

.34 

.35 

.38 

0.34 

.34 

.32 

.33 

.31 

.30 

.32 

.35 

.33 

.50 

.34 

.30 

.32 

.34 

M 


,34 


,34 


33 


,34 


.32 


.34 


South 

1970 
1971 
1972 
1973 

M 


.37 

.34 

.32 

.35 

30 

.51 

.  33 

29 

.  53 

.33 

.30 


.33 


.34 


.35 

.33 

.33 

.  32 

.32 

.31 

.33 

.29 

.27 

.26 

,30 


'North   -    station   42;    south   -    station   47. 
^North   -    station   40;    south   -    station   47.7. 

STMivnarij.--'T\\e  winter  mobility  of  bit;   game  mammals    is   greatly    impeded   by   deep   snow 
in   forest   clearings.      Ranked  by  relative  mobility  are  the   following:    mule  deer   ■•    elk 
<   caribou   <  moose,    the   last   being  the  most    capable  of  moving  alioiit    in  deeper   snow.      Vcr\- 
high   density   snow    (crustiness)    may   greatly   hinder   movement    and    in    some   cases    injure   the 
feet   and    legs   of  animals.      Windswept    openings   on    soutli   aspects   arc   bare   earlier    in   the 
spring  and  can  provide  much   sought-after   forage. 
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MANAGEMENT  CONSIDERATIONS 


Some  management  considerations  drawn  from  the  results  of  the  study  are  listed 
below.   Potential  users  should  be  aware  that  these  considerations  were  developed  from 
a  limited  amount  of  data,  from  more  unreplicated  than  replicated  stations  in  two  cli-  l|| 
max  habitat  types,  and  under  the  sequence  of  climatic  events  recorded.   Any  extrapola-  "  ' 
tion  should  be  done  with  these  limitations  in  mind. 

Creating  larger  openings  on  the  north  aspect  will  develop  a 
high  potential  for  increasing  total  water  yield.   On  the  south 
aspect,  similar  clearings  located  in  a  slope  position  below  the 
ridge  crest  will  have  a  minimal  or  even  a  negative  effect  on 
water  yield  increase. 

Winter  flooding  caused  by  rain  with  snowmelt  will  be  enhanced 
by  creating  larger  openings  on  the  north  aspect.   Because 
of  the  copious  amounts  of  drip  associated  with  south-aspect 
forests,  any  clearing  in  these  forests  will  lessen  the  hazard 
of  winter  flooding. 

Because  of  greater  snow  deposition  and  higher  melt  rates, 
large  openings  on  the  north  aspect  can  cause  higher  spring 
peak  flows  for  many  years  after  logging,  thus  imperiling 
water  quality.   This  hazard  can  be  greatly  reduced  by  using 
very  small,  well -shielded  openings. 

Larger  openings  on  the  south  aspect  permit  a  more  rapid  spring 
melt  and  an  earlier  disappearance  of  snow  than  occur  in  the 
uncut  forest.   In  theory,  by  maintaining  a  balance  between  the 
amount  of  area  cut  and  that  left  uncut,  peak  flows  from  a  south- 
facing  watershed  would  be  reduced  because  of  des>'nchronization 
of  melt  rates. 

Big  game  winter  range  will  not  be  enhanced  by  clearing  old 
stands  on  the  north  aspect.   Openings  on  the  south  aspect  will 
benefit  big  game  because  of  the  early  appearance  of  shrub 
forage  in  the  springtime. 
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APPENDIX  A 


Mean  seasonal  windspeed  table  Al ,  maximum  snow  deposition  table  A2 , 
seasonal  precipitation  table  A3,  and  seasonal  percolation  table  A4 


Table  M.--Mean  seasonal  windspeed  for  each  year  of  study 


\\ 


Aspect  and 

Distance 

from  west 

edge 

of  forest 

> 

in  feet 

year 

:  400    ■ 

100     : 

50 

• 

25      : 

0^       : 

02 

Fppf 

se 

oond 

-1 

North 

1969 

3.4 

2.5 

1.2 

1.9 

3 

0.7 

1970 

3.9 

2.5 

1.4 

2.2 

■i 

1.3 

1971 

4.3 

3.0 

1.5 

2.5 

1.8 

1.0 

1972 

5.7 

2.8 

0.9 

3.1 

1.5 

3 

1973 

4.6 

2.5 

3 

2.6 

1.5 

3 

South 

1 

1970 

5.3 

4.9 

4.3 

2.4 

H 

1971 

6.4 

6.2 

5.0 

3.1 

D 

1972 

7.2 

6.1 

5.2 

3.2 

jl 

1973 

6.2 

5.0 

4.3 

1.4 

1 

Table  A2. --Maximum  snow  deposition  for  years  of  study 


Aspect  and 

Distance 

from  west 

edge  of 

forest,  in 

feet 

year 

:  1,000 

■    400 

100 

■    50 

;     25   : 

0^     : 

02 

North 

1969 

24.6 

22.9 

21.6 

19.0 

17.0 

18.0 

1970 

22.5 

20.6 

19.0 

18.0 

15.4 

14.7 

1971 

20.2 

19.3 

18.5 

16.1 

13.5 

10.8 

1972 

19.0 

20.2 

17.4 

16.7 

16.5 

12.3 

10.1 

1973 

18.6 

14.5 

12.5 

11.4 

10.6 

5.1 

4.7 

M 

18.8 

19.4 

17.5 

16.4 

15.3 

11.6 

10.1 

cm 

(49.  3) 

(44.5) 

(41.7) 

(38.9) 

(29.5) 

(25.7) 

South 

1970 

14.2 

15.6 

16.7 

15.4 

1971 

15.2 

15.5 

17.3 

15.2 

1972 

12.2 

13.7 

15.8 

15.6 

14.4 

14.2 

1973 

8.2 

9.3 
13.1 

10.4 
14.3 

8.8 

7.2 
13.0 

4.6 

M 

10.2 

14.6 

9.4 

cm 

(25.9) 

(33.3) 

(36.3) 

(37.1) 

(33.0) 

(23.9) 

^North  -  station  42 

South  -  station  47. 
^North  -  station  40 

South  -  station  47.7. 
^Anemometer  inoperative  much  of  year 
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Table  A4.--5 

easonal  pevaolatvon 

for  years  of  stu 

idy 

Aspect  and 

Distance 

from  west 

edge  of 

forest, 

in  feet 

year 

1,000 

400 

100 

86 

25 

Ql 

02 

North 

1969 

40.64 

35.78 

31.91 

32.55 

33.39 

28.62 

1970 

32.25 

26.86 

23.60 

22.51 

20.63 

19.93 

1971 

37.09 

39.57 

33.23 

26.62 

29.64 

24.90 

22.47 

1972 

32.69 

37.71 

32.94 

26.79 

26.60 

24.00 

22.52 

1973 

26.01 

26.42 

23.05 

20.80 

17.22 

15.32 

13.73 

M 

31.93 

33.99 

29.02 

24.45 

23.99 

21.21 

19.66 

( 

;m      (81.10) 

(86.  Z2) 

(7Z.71) 

(62.10) 

(60.  9Z) 

(52.87) 

(49.94) 

South 


1970 
1971 
1972 
197^3 
M 


cm 


28 

17 

27 

36 

29. 

90 

34 

12 

27 

61 

28 

38 

29 

41 

27 

33 

21. 

08 

21. 

00 

21 

30 

26.45 


28.18 


25.90 


(67.18)      (71.58)      (65.79) 


24.68 

25.93 

30.83 

33.13 

32 

37 

28.90 

32.61 

31 

19 

17.98 

20.16 

20 

62 

25.60 

27.96 

28 

06 

(65.02) 

(71.02) 

(71. 

27) 

I 


^North  -  station  42 

South  -  station  47. 

^North  -  station  40 

South  -  station  47.7, 


tt 
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APPENDIX  B 


Gage   Deficiency 


31 


Table  Bl . --Correction  factors  and  gage-catch  deficiencies  for  various  mean  windspeeds, 

after  Corps  of  Engineers ,    2956 


Mean  windspeed 
(meters  second   ) 


Adjustment 
factor 


Gage  deficiency  in 
percent  of  "true"  catch 


0 

0.1 
0.2 
0.5 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 


1.000 

1.008 

1.015 

1.023 

1.03 

1.05 

1.07 

1.08 

1.10 

1.12 

1.14 

1.16 

1.18 

1.20 

1.22 


24 
26 
28 

30 
32 


1.34 
1.37 
1.39 
1.41 
1.43 
1.46 
1.48 
1.50 


0 

0.8 

1.5 

2 

3 

5 

7 

8 

9 
11 
12 
14 
15 
17 
18 
19 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
32 
33 
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APPENDIX  C 


Monthly  Percolation 
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Table  CI . --Monthly  percolation,^   north  aspect,    in   inches 


Year 

:    November      : 

December 

:      January 

:      February      : 

March 

April 

:      May 

'- 

1 ,000   feet 

(station   46.6) 

1971 

1.78 

2.39 

5.43 

2.74 

0.18 

11.45 

13.12 

72 

3.39 

0.00 

1.38 

2.78 

7.19 

4.65 

13.10 

73 

1.31 

1.82 

2.62 

0.65 

4.27 

8.39 

6.95 

M 

2.16 

1.40 

3.14 

2.06 

3.88 

8.16 

11.06 

cm 

(£.49) 

(3.56) 

(7.98) 
400   feet 

(5.23) 
(station   46) 

(9.  86) 

(20.73) 

(28.09) 

1969 

4.62 

2.03 

0.02 

0.26 

2.97 

16.91 

13.83 

70 

0.94 

2.73 

1.11 

0.34 

0.97 

5.46 

20.70 

71 

2.08 

3.50 

4.61 

3.05 

0.53 

13.79 

1L°;              ,1" 

72 

2.75 

0.07 

1.93 

5.73 

8.78 

5.73 

73 

1.12 

5.84 

1.27 

0.50 

2.25 

8.65 

6.79 

M 

1.72 

3.04 

2.23 

2.40 

3.38 

8.41 

13.06 

cm 

(4.3?) 

(?.  ?2) 

(5.66) 
100   feet 

(6.10) 
(station   44) 

(8.59) 

(21.36) 

(33.17) 

1969 

3.64 

2.05 

0.02 

0.00 

2.49 

14.22 

13.36 

70 

0.91 

2.  10 

0.76 

0.16 

0.69 

4.21 

18.03                            '  ^^ 

71 

1.90 

2.31 

4.34 

2.01 

0.36 

10.20 

12.11 

72 

3.  11 

0.01 

2.08 

3.45 

9.64 

3.02 

11.63 

73 

1.27 

3.76 

0.91 

0.63 

2.30 

8.26 

5.92 

M 

1.80 

2 .  04 

2.02 

1.56 

3.25 

6.42 

11.92 

cm 

(4.5?) 

(5.18) 

(5.  13) 
86   feet 

(3.96) 
(station    39) 

(5.  79) 

(16.31) 

(30.28) 

1969 

3.51 

1.65 

0.07 

0.17 

2.30 

13.97 

10.24 

70 

1.00 

1.39 

0.55 

0.34 

0.78 

3.35 

16.19 

71 

1.63 

2.30 

3.42 

2.26 

0.50 

6.80 

9.71 

72 

2.54 

0.08 

1.76 

2.07 

7.96 

2.71 

9.67 

73 

1.25 

3.68 

1.42 

0.72 

2.88 

7.85 

3.00 

M 

1.60 

1.86 

1.79 

1.35 

3.03 

5.18 

9.64 

cm 

(4.06) 

(4.  72) 

(4.55) 
25    feet 

(3.43) 
(station   45) 

(7.70) 

(13.16) 

(24.49) 

1969 

3.47 

1.97 

0.13 

0.02 

2.68 

13.11 

10.90 

70 

0.77 

1.75 

0,52 

0.30 

0.64 

3.30 

15.23 

71 

1 .  33 

2.25 

3.58 

2.11 

0.36 

11.22 

8.77 

72 

2.07 

0.06 

1.84 

3.06 

8.81 

3.05 

7.71 

73 

1.05 

3.31 

1.08 

0.71 

1.07 

7.05 

2.95 

M 

1.30 

1.84 

1.76 

1.54 

2.72 

6.16 

8.66 

cm 

(3.30) 

(4.67) 

(4.47) 
0   feet 

(3.91) 
(station   42) 

(6.91) 

(15.65) 

(22.00) 

1969 

3.62 

2.93 

0.23 

0.36 

2.77 

13.02 

10.46                            ■! 

70 

0.62 

2.63 

1.58 

0.65 

0.77 

2.49 

11.89                            11 

71 

1.56 

2.42 

3.68 

1.81 

0.48 

7.88 

0^                       II 

72 

1.75 

0.16 

2.35 

2.95 

7.31 

3.18 

6.30                           ^^ 

73 

0.92 

3.80 

2.07 

0.90 

1.41 

4.39 

1.83 

M 

1.21 

2.25 

2.42 

1.58 

2.49 

4.48 

6.77 

cm 

(1.01) 

(5.  72) 

(6.15) 
0   feet 

(4.01) 
(station   40) 

(6.32) 

(11.38) 

(17.20) 

1969 

4.  11 

2.00 

0.25 

0.34 

2.74 

13.55 

5.63 

70 

0.83 

2. 25 

1.44 

0.76 

1.41 

2.87 

10.37 

71 

1.64 

2.50 

4.28 

2.00 

0.62 

8.40 

3.03 

72 

1.77 

0.64 

2.05 

2.53 

8.14 

4.09 

3.30 

73 

1.46 

3.03 

3.01 

0.96 

1.74 

1.29 

2.24 

1 

M 

1.42 

2.  10 

2.70 

1.56 

2.98 

4.16 

4.74 

cm 

(3.61) 

(5.33) 

(6.86) 

(3.96) 

(7.57) 

(10.57) 

(12.04) 

^Means   exclude 

1969. 
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Table  C2  . --.V.'?;/-///^//  pc)'<'i>Lati\'}i ,    r.oulh  ar.i>.:'t , 


Vear 

:  November 

:  bee ember 

.Tanuai'v 

: 

'eliriiary 

:   March 

Apr  i  1 

:      May 

1  ,000 

"cct 

( Stat  ion 

52.2) 

1971 

2 .  0(> 

5.  12 

5.  5(1 

5.0(1 

5.0  5 

1  1  .  02 

2.2  5 

72 

5.40 

0.55 

2.50 

4  .  88 

11  .(.1 

5.11 

2 .  i)  5 

75 
M 

1.55 
2.2b 

2.0^7 
1.85 

2  .  (nS 
5 .  5 1 

5.02 
5.()5' 

('.  55 

2  .  97 
7i77  0' 

2  .  ()(i 
J.'fs 

cm 

(f>.  74) 

(4.  70) 

('^.9'J) 

('.K-^7) 

(17.7iii 

( 14.'!3) 

(r.  :-:u 

197  0 

71 

72 
75 


72 
7  5 


0 

84 

5 

01 

^~) 

28 

1 

f^9 

~) 

2  0 

f.'^.. 

B9) 

1 

20 

T 

15 

"t~ 

55 

(S. 

97) 

400  feet  (station  52) 


100  feet  (station  50) 


0  feet  (station  47  j 


5 . 

88 

5 

47 

0. 

08 

4 

55 

-> 

T4" 

(7. 

47) 

0 

15 

4 

58 

~) 

95 

(7. 

49  ) 

0.  hb 
5.  09 

2.  94 
T.T5 

(9.47) 


1  .50 
2 .  99 
5.60 
1.51 
2.  90 


1 . 
11 . 


02 
4  8 
7  5 
09 
87 


(,.77 

1  2  .  97 

5.70 

5.24 

7.1/ 


'; 


0  feet  (  st.at  Jon  47.7) 
2.80       5.59 
5.  ()5        1  .  5(, 
576T       5TT8" 

(9.:i7>)  (H..',7) 


1970 

0.61 

4.ni 

0.  59 

4.5(. 

7 .  (>5 

9.  15 

2.04 

71 

1.89 

2.77 

4 .  h5 

5.10 

1.51 

17.94 

2.26 

72 

2.58 

0.  07 

2.05 

6.01 

1  2 .  84 

5.  59 

2.  r 

75 
M 

1.22 
1.58 

1.79 
2.  16 

0.  95 

2.4(. 
5.98 

5.94 
(. .  98 

5.  7(, 
9.  0(1 

2.  90 

2 .  00 

2.4  2 

cm 

(4.  01) 

(5.49) 

(5.  08) 

(10.  11) 

(17.  77,) 

('777.01} 

(0.  17 

197  0 

0.  80 

5.  12 

0.42 

2.75 

(..8(, 

11 

5  5 

1  .  90 

71 

2.02 

5.  06 

5.71 

2.82 

2.  27 

\) 

19 

2.2  1 

72 

2.61 

0.  25 

2.61 

4.55 

11  .55 

5 

47 

2  .  5  5 

75 

1  .40 
1.71 

2.78 
2.50 

1.75 
2.b2 

2.78 
5.16 

6.  00 
6.  ()() 

5 

94 

2  .  (.5 

M 

"7 

.11 

2 .  54 

cm 

(4.74) 

(5.  84) 

iO.  67) 
25  feet  ( 

(8.07) 
■station  19) 

(in.  97) 

(18 

00 ) 

(7.94) 

197  0 

0.71 

1.89 

0.78 

1.74 

5.2  2 

8 

4  5 

1 .  89 

71 

1.61 

2.75 

4.7b 

2.14 

2.06 

15 

4(. 

2.05 

72 

2.51 

0.  12 

2.  29 

4  .  98 

9.  59 

7 

28 

2.55 

75 

1 .  55 
1.49 

1 .  99 

2.  88 

0.  86 
2.17 

1  .  95 

2.70 

5 .  4  8 
4TT1T 

5 

()5 

2.:'4 

M 

9 

20 

5.80 

cm 

(7.  78) 

(7.7,71) 

(.5.  71) 

(6.80) 

(11.77) 

(77 

77) 

(9.07,) 

8.69 

■)  ^  r 

5 . 1 5 

2_.  5J 
4. '18 


(18.  'M)       (10.07) 


10.22 

5.5" 

4.88 

2.70 

I.  11 

2.07 

4.60 

6.T8 

T.  4  6- 

(11.  OH] 

(17 .77) 

(11.77) 

Ill 
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APPENDIX  D 


Highest   Daily  Ajnounts  of  Percolation 
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Table  01. 

--Highest  daily  percolation  from  olear  weather  melt  on  north  aspect  for 
years   1969-73,    in  inches 

Distance  from  west  edge  of  forest 

400 

:       100      :       86       :     25       :      0^       :      0^ 

2.05 

1.97 

1.84 

1.83 

1.98 

1.51 

2.02 

1.89 

1.76 

1.81 

1.84 

1.35 

2.01 

1.80 

1.63 

1.81 

1.65 

1.09 

1.93 

1.57 

1.63 

1.64 

1.57 

1.07 

1.81 

1.50 

1.46 

1.60 

1.38 

0.95 

1.79 

1.47 

1.42 

1.56 

1.34 

.89 

1.76 

1.46 

1.29 

1.53 

1.22 

.86 

1.68 

1.44 

1.25 

1.42 

1.22 

.81 

1.62 

1.43 

1.21 

1.34 

1.19 

.80 

1.61 

1.43 

1.09 

1.30 

1.18 

.80 

1.59 

1.42 

1.08 

1.30 

1.08 

.79 

1.56 

1  .  35 

1.08 

1.27 

1.02 

.78 

1  .  56 

1.32 

]  .  03 

1.25 

1.01 

.76 

1.47 

1.31 

]  .  03 

1.21 

0.94 

.67 

1.46 

1.26 

1.03 

1.04 

.93 

.64 

1.45 

1.24 

1.02 

1.03 

.89 

.60 

1.44 

1.22 

1.01 

1.00 

.88 

.58 

1.41 

1.21 

1.01 

0.95 

.82 

.57 

1.39 

1.20 

0.95 

.87 

.82 

.57 

1.38 

1.20 

.94 

.86 

.78 

.56 

1.33 

1.16 

.  92 

.85 

.76 

.54 

]  .25 

]  .12 

.91 

.84 

.75 

.53 

1.21 

1.05 

.88 

.84 

.75 

.52 

1.19 

1.01 

.87 

.80 

.73 

.52 

1.12 

0.98 

.87 

.75 

.71 

.52 

1.05 

.98 

.85 

.75 

.71 

.50 

1.00 

.  93 

.85 

.74 

.68 

.50 

1 .  00 

.92 

.81 

.73 

.67 

.47 

0.98 

.91 

.80 

.70 

.64 

.46 

.98 

.89 

.77 

.70 

.63 

.46 

.96 

.87 

.75 

.69 

.61 

.45 

.96 

.86 

.71 

.68 

.61 

.45 

.95 

.80 

.70 

.68 

.56 

.45 

.95 

.83 

.70 

.66 

.55 

.45 

.92 

.79 

.66 

.64 

.54 

.40 

n  =  35 
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1.15 

.81 
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.81 
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.78 
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.74 
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.68 

1.00 
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.72 
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0.93 
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.65 
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(.1 

.  62 

.90 

.74 
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.69 

(.1 

.61 
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.69 

.62 

.67 

57 

.  60 

.84 

.69 

.62 

.66 
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60 

.85 
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.66 

5  1 

.58 

.85 

,67 

.60 

.66 

5  0 
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.82 

.67 

.  57 

.65 

19 

.  5() 
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.65 

.55 

.65 

.48 

.5(> 
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Table  U?i . --Hi_:jhest  dans  of  percolation  from  clear  weather  melt  on  south  aspect  for 

ijenrs   1970-73,    in  inches 


Distance  from  west  edge  of  forest 


400  :  100  :  25 


1.91  1.97  1.73  2.31 

1.86  1.68  1.51  1.64 

1.78  1.46  1.57  1.55 

1.70  1.34  1.35  1.50 

1.44  1.17  1.31  1.28 

1.43  1.12  1.20  1.24 

1.41  1.06  1.14  1.17 

1.41  1.05  1.07  1.15 

1.41  1.01  0.98  1.06 

1.23  0.98  .95  1.00 

1.23  .97  .89  0.96 

1.20  .87  .87  .92 

1.16  .87  .86  .89 

1.07  .85  .80  .88 


97 

68 

46 

34 

17 

12 

06 

05 

01 

0 

.98 

97 

.87 

.87 

.85 

.83 

.83 

81 

.79 

76 

74 

73 

.73 

73 

72 

70 

66 

62 

.62 

1.06  .83  .78  .85 

0.86  .83  .78  .81 

.85  .81  .78  .77 

.83  .79  .76  .77 

.80  .76  .76  .75 

.78  .74  .76  .73 

.76  .73  .69  .73 

.75  .73  .67  .71 

.74  .73  .66  .70 

.66  .72  ,60  .67 

.64  .70  ,59  .62 

.61  .66  ,58  .61 

.61  .62  ,56  .55 

.59  .62  .54  .55 


n  =  28 


Station  47 


Tabic  [)A .  --Hii^hest  days  of  percolation  from  rain  and  snowmelt  on  south  aspect  for 

years   1970-73,    in   inches 

Distance  from  west  edge  of  forest 


4  00          :  100            :  25          :  0' 

2.21  2.43  2.02  2.41 

2.21  2.26  1.88  2.10 

2.15  1.89  1.84  2.09 

1.84  1.61  1.48  1.97 

1.75  1.61  1.45  1.80 

1.73  1.57  1.42  1.76 

1.64  1.44  1.40  1.69 

1.43  1.33  1.37  1.58 

1.40  1.05  1.29  1.40 

1.30  1.02  1.15  1.34 

1.25  0.95  1.05  1.26 

1.24  .91  1.03  1.16 

1.18  .86  0.99  1.10 

1.15  .81  .94  1.04 

1.10  .77  .84  0.97 

1.08  .75  .82  .96 

0.79  .72  .75  .93 

.78  .68  .71  .92 

.77  .68  .60  .90 

.76  .63  .55  .86 

.74  .62  .54  .84 

.63  .5''  .53  .84 

.60  .57  .52  .84 

.59  .55  .52  .81 

.57  .55  .52  .78 

.55  .54  .50  .74 

.55  .52  .50  .73 

.53  .52  .46  .72 


n  =  28 
'station  47 
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APPENDIX  E 


Mean  Daily  Percolation  Rates 
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in   inches 


Distance  from  west  edge  of  forest,  in  feet 


Nov.  1-Feb.  28 

Mar.  1-31 

April  30 

May  7 

8 

10 

11 

12 


().06 

(1.05 

0.04 

0.05 

0.06 

0.06 

.10 

.08 

.07 

.09 

.09 

.09 

.33 

.27 

.27 

.26 

.26 

.27 

.38 

.32 

.30 

.29 

.30 

.29 
bare 

.44 

.37 

.34 

.34 

.34 

bare 

.38 
bare 

bare 

bare 

bare 

Nov 

1 

Fel 

M,ir 

1- 

31 

April  30 

May 

Ifa 
17 
18 
19 
20 
21 

0.04 

0.03 

0.03 

0.03 

0.05 

0.04 

.03 

.02 

.03 

.02 

.02 

.05 

.11 

.08 

.07 

.06 

.05 

.07 

.29 

.24 

.22 

.22 

.18 

.18 
bare 

.31 

.26 

.24 

.23 

.19 

.32 

.27 

.25 

bare 

bare 

.33 

.27 

bare 

bare 

bare 

Nov .  1 

-Feb 

28   0.1(1 

n.ii 

0.09 

0.08 

0.08 

0.08 

0.09 

Mar.  1 

-31 

.01 

.02 

.01 

.02 

.01 

.02 

.02 

April 

30 

.  19 

.23 

.17 

.12 

.19 

.14 

.15 

May  2 

.23 

.28 

.21 

.15 

.23 

.16 

.16 

3 

bare 

5 

.29 

.33 

.25 

.18 

.27 

.20 

6 

.31 

.35 

.26 

.19 

bare 

.20 

7 

.32 

bare 

.29 

.21 

8 

.31 

bare 

.29 

.21 

9 

.29 

bare 

10 

bare 

Nov.  1-Feb. 

28   0.06 

0.09 

0.07 

0.05 

0.06 

0.12 

0.06 

Mar.  1-31 

.23 

.28 

.31 

.26 

.28 

.24 

.26 

A[)ril  30 

.19 

.24 

.21 

.17 

.19 

.17 

.20 

May  3 

.21 

.26 

.21 

.19 

.21 

.18 

.21 

4 

bare 

7 

.26 

.30 

.25 

.21 

.23 

.21 

8 

bare 

10 

.27 

.32 

.27 

.23 

.25 

11 

bare 

12 

.30 

.34 

.30 

.25 

13 

.31 

bare 

.30 

.25 

14 

bare 

bare 

bare 

Nov.  1-Foh.  2E 

0 .  05 

0.07 

0.05 

0.06 

0.05 

0.06 

0.06 

Mar.  1-31 

.14 

.07 

.07 

.09 

.03 

.05 

.06 

April  21 

.17 

.12 

.12 

.13 

.11 

.10 

.06 

22 

bare 

23 

.18 

.13 

.13 

.14 

.13 

.11 

24 

bare 

26 

.19 

.15 

.15 

.16 

.14 

27 

bare 

May  1 

.21 

.18 

.18 

.18 

2 

hare 

5 

.25 

.23 

.21 

6 

bare 

bare 

11 

.25 

12 

bare 
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Table  \'.2 .  --M,',m   ./,n'/;/  j<,'r,;' hit  i\:)i     lui'iyi.j   i.^intri-   ii>:  /  r;  rinij   p, 

in    ini-h.:;' 


e 

Hi  stance 

from  west 

edge  of  forest , 

in  feet 

Dat 

1,001) 

400 

100 

25 

o' 

0-' 

1970 

Nov. 

I -Feb. 

28 

n.  OH 

0.  0(, 

0.04 

11.117 

Mar. 

-31 

.2S 

.22 

.10 

.  ()'' 

April 

10 

.  3ti 

.  28 

.  11. 

.  12 

13 

.  3() 

.  28 

.  17 

.  12 

14 

bare 

29 

.31 

.  18 

.  13 

30 

bare 

May  4 

.  27 

.24 

S 

bare 

.24 

6 

1971 

bare 

Nov. 

l-f-'eb. 

28 

0.  11 

0.  10 

0.  11 

0.  (19 

(1.  13 

(1.12 

Mar. 

1-31 

.  10 

.  05 

.  1)7 

.  07 

.05 

.03 

April 

10 

.31 

.  2b 

.2S 

.20 

.19 

.13 

13 

.30 

.  29 

.25 

.21 

.20 

.20 

14 

bare 

bare 

20 

.37 

.25 

.25 

.14 

21 

bare 

24 

.30 

.26 

.If. 

25 

hare 

26 

.30 

.17 

27 

bare 

May  4 
5 

.24 
b;ire 

Nov.  1-Feb. 
Mar.  1-31 

April  1 

2 

5 
25 
26 
27 

May  4 

5 


1972 


.09 

.  09 

.08 

.08 

.  10 

.09 

.37 

.41 

.  37 

,30 

.  38 

.33 

.37 

.42 

.3b 

.31 

.  39 

.  33 

bare 

.41 
bare 

bare 

.31 

.  3  9 

.33 

.30 

.31 

.25 

.29 

bare 

ir^ 

bare 

.27 
bare 


197  3 


Nov.  1-F 

eb.  29 

.08 

,  05 

.  07 

.  05 

.  09 

.10 

Mar.  1-3 

1 

.20 

.19 

.19 

.11 

.13 

.09 

April  3 
4 

.23 
bare 

.  23 

.  23 
.24 

.  13 

.  15 

.  1'. 
.18 

.09 
.11 

5 

bare 

6 

.27 

.16 

.1" 

.11 

7 

.27 

.17 

bare 

.  11 

8 

bare 

9 

.  19 

.  12 

10 

hare 

.14 

11 

bare 

12 
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197S).     Local  climatic  and  hydrologic  consequeaces  ot  creating  openings  in 
climax  timber  of  north  Idaho.    USDA  For.  Serv.  Kes.  I'ap.  INT-li2.!,    i:;  p. 
Intermt.   For.   and  Range  Exp.  Stn. ,  Ogden,  Utah  84401. 

Climatic  and  hydrologic  responses  of  small  and  large  clearcuts  on  north 
and  south  aspects  in  noi'thern  Idaho  were  studied.  Other  attributes  such  as 
drip,  snow  interception,  snowmelt,  and  rates  of  disappearance  were  evaluati-d 
with  supportive  data. 


KE\'WORDS:   snow]Dack,    snow  accumulation,    snowmelt,    coniferous   forests, 
forest  hydrology,  forest  meteorology. 


Haupt,  Harold  F. 

1979.     Local  climatic  and  hydrologic  consequences  of  creating  openings  in 
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Intermt.   For.  and  Range  Exp.   Stn.,  Ogden,  Utah  84401. 

Climatic  and  hydrologic  responses  of  small  and  large  clearcuts  on  north 
and  south  aspects  in  northern  Idaho  were  studied.  Other  attributes  such  as 
drip,  snow  interception,  snowmelt,  and  rates  of  disappearance  were  evaluated 
with  supportive  data. 
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Clearcutting  on  north-  and  south-facing  slopes  in  a  young  mature,   mid- 
elevation  stand  of  mixed  conifers  in  north  Idaho  resulted  in  substantial  snow 
storage  gains.     The  initial  gain  of  56  percent  decreased  to  37  percent  after 
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(37  percent)  because  of  greater  winter  melt  and  the  greater  evaporation/ 
sublimation  associated  with  south-facing  clearcuts.     In  the  34-year  study 
period,  the  new  stand  reestablished  slowly  because  of  brush  competition, 
resulting  in  little  if  any  change  in  snow  accumulation  gains  or  melt  rates. 
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INTRODUCTION 


The  mixed-species  conifer  forests  of  north  IJnho,  iu)fth(\ist  crn  IV.ish  i  ni'.ton ,  .iiul 
estern  Montana  represent  the  hi.t;liest  major  water-prodnc  i  ii;',  roiic  in  t!ie  interior  Ui-'M  . 
recipitation  amounts  are  hij^li,  ranj^ini;  from  .SO  to  SO  in  |  "d  to  JO.S  cm),  with  more  th.iii 
ne-half  accumulating  in  a  snowpack  from  November  throui^h  \pril.   The  removal  of  tree 
over  by  clearcuttinp  in  patches,  strips,  or  blocks  L'.reatl\-  accelerates  the  winttT 
torage  of  snow  and  thus  increases  the  amount  of  water  available'  to  streainflow. 

Augmentation  of  water  yielil  rejiresents  a  desirable  goal  of  timber  harvest  but  must 
e  carefully  controlled  to  avoiil  adverse  effects  on  water  (|ualit\-  and  channel  stal)ilitv. 

0  accomplish  this  goal,  Forest  Service  In'drologi  st  s  emphasir.e  water  i|ualit\'  as  timber 
ales  are  designed,  stressing  that  harvesting  in  a  given  watershed  must  proceed  g.rad- 
[ally  to  prevent  an  imbalance  in  the  streainflow  regime.   ^ddit iona 1 1 y ,  when  reentering 

partially  logged  watershed,  the  reduction  of  water  \deld  with  vegetative  recover\'  must 
e  evaluated  before  deciding  cmi  how  much  new  timber  will  be  har\'ested  (IISOA  i m-rst 
ervice  1973).   llydrol ogists  in  this  region  presently  have  very  little  documented  ev i - 
[Cnce  on  the  rise  a,nd  fall  of  water  >'ield  as  a  timber  stand  is  cut  and  subse(|uent  1  \' 
[evegetated . 

Increases  in  water  yield  are  generally  proj^ort i onal  to  the  reduction  in  forest 
anop\',  as  well  as  to  the  intensity  of  partial  cutting  or  percentage  of  clearcut  area 
Stone  1973).   The  duration  of  the  yield  increase  depends  on  how  rapidlv  roots  reoccup\' 
.he  soil  and  how  quickly  the  canopy  is  reestablished.   fanopv  reestabl  i  shineiit  direct  1\' 
iffects  snow  accumulation. 

(ienerally,  research  shows  that  gains  in  snow  accumulation  can  be  e.xj'ected  to  pei'sist 
onger  than  gains  in  soil  water  (Anderson  1909).   Increased  snow  accumulation  in  lodg,e- 
)ole  pine  in  the  central  Rocky  Mountains  will  apjxi.rently  persist  l"or  man\'  decades  and 
lerhaps  indefinitely  (C!ary,  in  jn'oss).   In  f  a  1  i  forn  ia ,  soil  water  g,ains  on  lex-el  terrain 
/ere  negligible  10  to  20  years  after  clearcutting  (Zeimer  1901). 

In  a  recent  study  in  north  Idaho,  soil  water  gains  on  a  steep  south-slope  clearcut 
lisappeared  within  4  years  after  the  clima.x  undcrstor\'  lirush  reoccupied  the  ai-ca  (('lim^ 
md  others  1977).   In  the  same  studv,  soil  water  increases  were  present  for  at  least 

1  years  on  a  north- si  ope  clearcut  because  herbaceous  plants  re  invaded  and  dominat^^l  the 
:learcut  early  in  the  recovery  period,  although  the  ileeper- rooted  brusli  wa^  making  rapid 
.nroads  by  the  fifth  year.   Bv  extrapolation  of  the  data,  it  would  appear  that  the 
lorth-slope  soil  water  gains  would  approach  zero  earlier  tlia.n  the  1  u  to  20  \'ears  obserx'ed 
.n  the  California  studw   In  contrast,  on  both  the  north  and  south  clearcuts  no  dowrnvard 

rend  in  snow  accumulation  gains  was  evident  3  years  ai'ter  harvest  ((dine  anil  others 
,977). 

This  paper  reports  changes  in    snow  accumulation  gains  on  another  site  clearcut 
)4  years  ago  in  the  same  general  area.   A  paired -plot  comparison  was  m.ade  between  the 
:learcut  and  an  adjacent  stand  of  mature  timber.   Rc>cords  were  olUained  per  iod  i  ca  1  1  >■ 
beginning  with  tlie  second  vear  and  ending  with  the  3ltli  year  after  harvest. 


SILVICULTURAL  HISTORY 


The  study  site  was  located  in  the  Benton  Creek  drainage  of  the  Priest  River  Exper 
mental  Forest  (PREF).   In  1940  a  strip  clearcut,  330  ft  (101  m)  wide  was  extended  from 
the  ridge  on  the  south  side  of  Benton  Creek  and  up  the  opposite  slope  to  the  ridge  on 
the  north  side  of  Benton  Creek  (fig.  1  §  2) .   The  clearcut  was  harvested  with  a  conven- 
tional "jammer"  cable  system:  slash  from  the  cutting  operation  was  hand  piled  and  burne 


.11 


Original  timber  on  the  north  slope  consisted  of  young  mature  western  redcedar 
{Thuja  plioata   Donn) ,  western  hemlock  {Tsuga  heterophylla    [Raf.]  Sarg.)j  western  white 
pine  {Pinus  monticola   Dougl.),  grand  fir  {Ahies  grandis    [Dougl.]  Forbes),  and  western 
larch  {Lavix  oocidentalis   Nutt.).   The  south  slope  was  stocked  with  young  mature  timber 
of  three  species--ponderosa  pine  [Pinus  ponderosa   Laws.)j  Douglas-fir  {Psuedotsuga 
menziesi'i   var.  glauca    [Beissn.]  Franco),  and  western  white  pine. 


Benton   Creek    Watershed 


Priest   River  Experimental    Forest 


ScalQ"-  Chains 


Legend 

Roads 

Trails 

"      Watorshad    Boundary 

•  •••♦    Strip  Clearcut 
^^^    1942-52  Snow  Course 
1967-74    Snow  Course 


Figure  1. — Benton  Creek  watershed^   Priest  River  Experimental  Forest. 


^Graham,  R.  T.   1976.   Silvicultural  prescription,  stand  20-1-24,  Priest  River 
Experimental  Forest,  Idaho  Panhandle  National  Forests,   linpubl.  rep.,  on  file  at 
Forestry  Sciences  Lab.,  Intermt.  For.  and  Range  P.xp.  Stn.  ,  Moscow,  Idaho. 


Natural  reproduction  on  the  north-slope  strip  clcarcut,  liereaCter  referred  to  as 
the  "vegetative  recovery  jilot,"  was  well  established  by  194S.   A  species  survey  20  yeai-s 
later  showed  5,320  stems  per  acre,  consistinj;  oi'  ()0  i)ercent  western  redcedar  and  20  per- 
cent western  liemlock.   Heights  of  most  saplings  ranged  from  10  ft  {  7>   in)  to  over  IS  ft 
(4.6  m)  .   The  soutli  face  cjuickly  bruslied  over  and  as  a  consequence,  the  jiresent  stand 
is  poorly  to  fairly  well  stocked  witli  stems  of  the  thiee  original  species  (fig.  3). 


Hgure  2.—Telephoto  view  of  str^p 
cleavQutSy   March- April  1949. 
A.      North- facing  slope.      B. 
South- facing  slope. 


^•^ 


f. 


■■\< 


-V-  i- 


A  1967  thinning  operation  on  the  north  slope  showed  grand  fir,  western  redcedar, 
western  larch,  and  western  hemlock  favored  at  200,  400,  and  800  trees  per  acre.   The 
snow-sample  study  conducted  on  the  vegetative  recovery  plot  favored  western  redcedar  ; 
400  trees  per  acre  or  an  average  spacing  interval  of  10x10  ft  (3x3  mj .   The  silvicul- 
tural  prescription  calls  for  thinnings  in  1985,  2005,  and  2025,  with  the  final  harves^' 
in  2045. ^      No  silvicultural  treatment  is  planned  for  the  south  slope. 


It: 
tift 


PHYSICAL  ENVIRONMENT 


The  climate  of  the  Experimental  Forest  is  predominantly  under  the  influence  of  t\ 
Pacific  Ocean.   Winter  storms  bring  most  of  the  annual  precipitation  in  the  form  of 
snow.   At  the  plot  elevation  (3,500  ft  or  1,067  m) ,  the  estimated  average  annual  preci 
pitation  was  33  to  36  in  (84  to  91  cm).   At  this  elevation,  thaws  are  common  throughoi 
the  winter;  hence,  the  peak  snow  water  equivalents  measured  from  March  1  to  April  1 
underestimate  the  total  winter  snowfall. 

Slope  gradients  on  the  north  slope  average  52  percent;  on  the  opposite  slope, 
58  percent.   For  information  on  geomorphology  and  soils  and  complete  data  of  the  bio- 
logical environment,  the  reader  is  referred  to  R.  T.  Graham's  report.-^ 


lit. 


METHODS 


In  1942  snow  courses  were  established  on  the  west  half  of  the  vegetative  recovery 
plot  and  extended  into  an  adjoining  forest  plot  (fig  1).   Snow  depth  and  snow  water 
equivalents  (W.F.)  were  initially  taken  with  a  Mt ,  Rose  snow  tube  and.  later,  with  a 
federal -type  snow  sampler.   Measurements  began  at  approximately  the  time  of  maximum 
accumulation  and  continued  about  weekly  through  the  melt  period.   This  was  repeated  fo 
13  seasons  on  the  north  slope  and  6  seasons  on  the  south  slope  from  1942  through  1974. 

The  spacing  and  number  of  sample  points  and  the  location  of  snow  courses  changed 
during  the  study  period  as  a  result  of  amendments  to  the  original  study  objectives 
(table  1).   In  1967,  the  earlier  courses  were  switched  to  the  opposite  side  of  the 
vegetative  recovery  plot  (fig.  1).   Because  of  expected  differences  in  snow  conditions 
between  the  east  and  west  recovery-forest  boundaries,  measurements  taken  in  the  vicinr 
of  the  border  zone  were  eliminated  from  the  analyses.   Data  from  the  sample  points  for 
each  year  were  averaged. 
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Table    1 , --Snow  co 


uvse  stations    (member  and  approximate  spaaing  in  feet) 


Year 


North- face 


Strip 
clear cut 


Timber 


South-face 


Strip 
clearcut 


Timber 


1942 
1949-52 
1967-73 
1974 


5-30 
9-20 
3-50 
3-50 


5-30 
6-20 
2-50 
2-50 


5-30 
8-20 

3-50 


5-30 

7-20 

2-50 


The  structure  of  timber  on  the  forest  control  plot  uris  assumed  co   liave  chMnj'.cil  ovi 
le  34-year  evaluation  period.   To  test  this  assumption,  a  time-trend  analysis  was 
;rformed,  including  climatic  data  recorded  at  the  PRlil'  headc|uarters  station  ( clci  at  ion 
380  ft  [725  m]  )  .   Pata  for  the  vegetative  recovery  plot  were  simi'arl\-  ana !  >-:-.(.-d  to 
termine  if  vegetation  had  recovereii  enough  to  have  aft'ectcd  snow  accuiiui  1  at  ion  and 
It.   In  other  tests,  water-equivalent  changes  in  the  snowpack  over  time  were  coin]>areil 
;ing  regression  techniques. 


PEAK  SNOW  ACCUMULATION 


Harvesting  Effect 


On  the  north  slope,  the  removal  of  the  young  mature  timber  resulteil  in  average  snow 
E.  gains  in  the  vegetative  recovery  plot  of  7.6  in  (19.3  cm)  for  the  [icriod  1942 
irough  1952  (table  2).   Tliis  was  the  period  of  early  stand  recstabl  ishnicnt  and  develop- 
jnt  (fig.  %)  .      Tlie  average  yearly  gains  compare  favoral-)ly  with  tiiose  of  6.6  in  (16. s  cm) 
iasured  in  a  narrower  strip  (200  ft  [61  m] )  cut  in  mature-overmature  cedar-hemlock- 
^te  pine  1,000  ft  (305  ml  higher  in  elevation  (ilaupt,  in  press).   Most  of  the  snow 
Dcumuiation  increase  was  the  result  of  snow  caught  in  dense  canopies  that  would  ha\'e 
^aporated/subl imated  had  the  trees  not  been  harvested.   Another  portion  of  the  increase 
is  probably  the  result  of  wind  eddy-forest  edge  effect  during  storms,  and  a  fractional 
icrease  was  perhaps  due  to  slower  winter  release  of  water  from  the  snowjiack  in  the 
^ening  compared  with  the  forest  (Haupt  1972,  in  press),   ckains  on  the  recovery  plot 
:e  shovim  in  figure  4. 


B. 


^^m  •''^';-i:  II^^^  •    i 


h»^iV^/? 


\  Iff l)1i  m 


.■ik'0'h 


gure  3. —Aerial  view  of  strip  olearcut  taken  May   1966   (arrows  denote  study  plots). 
A.      North- facing  slope  before  thinning.      B.      South- facing  slope. 


+i 

o 

t^ 

Cu 

Si 

^iJ 

;si 

^i 

'r< 

\ 

w 

+:> 

<r< 

i^ 

4^ 

i~-i 

"^^ 

it 

<M 

cv, 

« 

Ss 

v-l) 

» 

a 

^ 

s* 

!s 

C5 

« 

C-,^ 

^ 

4^ 

1 

i^J 

+^ 

W 

n 

t-- 

tii 

S^, 

03 

CO 

to 

« 

(.^ 

i^ 

<i) 

':^ 

ia, 

o 

•X 

r-J 

to 

to 

+i 

1 

S 

S" 

W 

i,^ 

»<i 

•r^ 

(Ti 

+^ 

;i 

•r^ 

•^  ^ 

s 

£■ 

Cr 

U 

<» 

10 

?^ 

w 

SJ 

« 

•^ 

3 

o 

s^ 

to 

fV 

« 

Vil 

»^ 

c^l 

Cti 

c-( 

!^ 

!,« 

;i 

'^C 

J3 


>x 

x: 

u 

r N 

1 

+-> 

o 

11) 

CO 

>H 

> 

a 

•H 

o 

o 

o 

Tl 

c 

p; 

o 

1 — 1 

o 

^ — -' 

(U 

t/) 

3 

u 

O 

CJ 

+-> 

x 

C 

<J 

O 

-TJ 

•M 

m 

c 

c 

3 

03 

a, 

03 

O 

U-i 

U 

If) 

o 

a 

+-> 

, V 

^ — > 

(U 

m 

OJ 

cu 

Cl. 

<D 

ex  4-1 

■p 

CI. 

U 

o 

o 

en 

m 

O 

r— 1 

. — 1 

Q 

<4-l 

lA 

Cm 

C 

>. 

o 

t/l 

>     O 

c 

O     r-H 

•H 

o    ex, 

03 

<L) 

c 

CJ 

!h 

o 

H 
4-1 

03 

r-H 

>, 

3 

^1 

e 

0)    4J 

3 

>  o 

O 

o  ^ 

o 

tJ      Oh 

o3 

5 
O 

C 

4-> 

(/I 

0)    o 

M 

^1     ■-! 

o3 

O     CL, 

(1> 

O. 

<i) 

i-> 

03 

Q 

Cu 
O 


3: 
o 


Lo  00  cr.  vD  o 

LO    UO   to   t-O    ^ 


.— I  rj  to  o  r^  to  .— I 
o  to  C-J   Tt  o   o  to 


r-i   \0   \D   Ci  T 
to   to   rj  r^j   ^ 


r-H  r-H  to  rj  to  o  O  to 


rj  r-   lO  00 
to  ^  r-j   r-j 


^o  o  r--  to  .— I  r-^  Lo  CT) 
to  ^H  to  'rr  oj  ri  ,— I  rj 


■— I  vo  to  to  00 

v£3    00    00    00    O 


\j~i   LTi  c\   ^  rg 
to   I— <  oj   \D  r^j 


r— (r-HOOOtOCTlLOO 

LOO.— lOOO.— lOCT) 


-:3-^>-Org^O.— (O 
-f   .— I   "*    ^-1    "O   r-l    r— I   CT. 


o  \£)  00  r^ 

O      to      i-H      r— I      (^1 


.^     -*     LO     •*     "^ 


00  CT>  O 

CTi  r^i  to  r^  rj  rj  rj  to 


LntOLOLOLO':f'3-'vr 


to  \0  to  ^  rj 
[^  o  r--  \£>  ^D 


O   rj    CTi   to    00 
.—I  rj  .— I  f-H  .— I 


^■^r- (tOr-H-Str-HO 

oovotorrvOLO^LO 


Ooor^LOLO'*rjo 
to  r^  t^  Lo  t^j  r^  i-o  ^ 


LO  lo  rj  \D  r-i 
to  r-H  r J  'O  n 


Tt'^\0rNi-^O.— (O 


o  o  .-H  r-  .-H 
to  to  to  (^J  to 


to  to  to  to  to 


CTi   00   ^O   CM  CTi 

"^   ^H   CM  r\i   .— I   to   r-l 


•t^-tototot^tO'Tr 


":s-  cr.  CT)  o  r~~ 
to  Osi  rj  to  to 


■— I    O",    I^    vO    .-4 
rj    ,-H   r-H   I— I   rj 


r-  r-  .— I  .— I  -^ 

.-H     to     '^     Ol     to 


00    CT.    O".    to    ^D 
LD   CD   r-f    \0   r-i 


\C    O   CTi   to   .— I 

to  r--  ^D  to  i^ 


UJ 
Cu 

o 


H 
o 

175 


O  CT)  (^0 

rj   v£5   .— I   rt   .— I  rj 

to   '^r   ^  ■^   -^  ^ 


•^   O   O  I---   00 
.— (    to   -^   <~Nl   to 


00   0~.   C"i   to   ^  "* 

LO    O    .-H    vD    (^  \Cl 


^    CTi   O    ^    00 
■^  r~~  00  to  00 


O     to     O  r—* 

r-H     -H     r-l  rj 


to  to  to  to  to 


(NI     CTl     O     rH     rj 

r^ootTiO.— icNito^ 

CM  Oi  O  .-H  rj 

•^ 

"^     »a-     LO     LO     LO 

',D^O\or~-t^r^r^r^ 

•>*     •^     LO     LO     l-O 

t^ 

CTi 

o^ 

O^ 

cr. 

Natural 
Regeneration 


Unthinned, 
3320 


A 


Thinned,  400   (1966) 


10 

S     8 
uj     6 

4 
2 
0 


o 


1940     '42     '44     '46     '48      '50     '52 

YEAR 


66     '68      '70     72 


Figure   4. — Snow  W.E.    gains  on  reoovory  plot,    north  nlove. 


Water  equivalent  gains  on  the  south  slope  recovery  plot  (fii:;.  3)  averaged  a  yearly 
increase  of  3.0  in  (76  cm)--only  39  percent  of  that  on  the  opposite  slojie  (table  J). 
The  measured  gain  in  1974  was  slightly  greater  on  the  south-slope  plot  than  tlic  average 
for  1942  through  1952  (fig.  5j.   Tliese  plot  gains  are  about  twi'-e  those  observed  at 
a  higher-elevation  clearcut  of  similar  size,  shape,  and  slope,  tliough  with  greater 
exposure  to  wind  and  energy  input  (llaupt,  in  press). 

Physical  processes  are  more  severe  on  tlie  south  slope  than  on  the  north.   lloKe\'er, 
a  porous,  less  dense  tree  cover  does  allow  more  snowfall  to  filter  through  to  the  ground, 
and,  in  addition,  sustained  wind,  often  very  gusty,  tends  to  blow  snow  off  the  canopy 
and  onto  the  ground  below.   As  a  consecjuence,  less  canopy-held  snow  is  evaporated/ 
sublimated. 


Natural  Regeneration,  unthinned,  poorly  stocked,  densfi 
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Figure  5. — Snow  W.E.    gains  on  recovery  plotj   south  slope 


Once  timber  is  cleared,  the  south  slope  opening  presents  an  even  more  hostile 
environment  for  conserving  snow.   Subjected  to  considerable  wind  scouring,  increased 
winter  melting,  and  greater  surface  evaporation/sublimation,  the  clearing  registers  a 
smaller  net  increase  in  snow  W.E.  than  a  comparable  opening  on  a  north  slope. 


Climatic  and  Vegetative-Recovery  Trends 

On  the  north  slope  a  greater  depth  of  snow  W.E.  was  measured  in  the  recovery  plot 
during  the  1942  to  1952  period  than  in  the  interval  from  1967  to  1974  [fig-  6).  The 
levels  or  intercepts  of  the  two  regressions  are  significantly  different  (P<=0.04).  ThiJ' 
may  be  interpreted  as  a  time-dependent  decrease  in  snow  W.E.  gains.  The  curves  lie  well 
above  the  "100  percent  recovery"  line,  a  theoretical  point  in  time  when  the  structure  oil 
the  timber  on  the  recovery  plot  approximates  that  of  the  surrounding  forest. 

The  apparent  downward  trend  was  tested  by  adjusting  for  year-to-year  variations 
in  winter  precipitation  and  mean  winter  temperature  (measured  at  headquarters  station). 
Results  of  the  test  after  including  a  time-trend  variable  are  presented  in  table  3. 
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Table  3. --Time   trend  analyses  by  step-wise  regression,    north  slope 


Snow  characteristic/ 
plot 


Variable 


value 


Probability 

F 


Peak  snow  accumulation 
Forest 


Recovery 


Sjiring   snowmelt   rate 
Forest 


Recovery 


Intercept 
Winter 

temperature^   -1,3382 
Winter 

precipitation^  0.3709 
Time  trend^    -0.0405 


39.1890    0.534 


Intercept 
Winter 

temperature   -1.3828 
Winter 

precipitation  0.4521 


47.4722    0.717 


Time  trend 


Intercept 
Spring 

temperature*^ 
Time  trend 

Intercept 
Spring 

temperature 
Time  trend 


-0.1512 


-1.2085    0.654 

0.0353 
-0.0016 

-1.7558    0.874 

0.0527 
-0.0078 


6.20 

3.11 
0.16 


9.44 

6.60 
3.19 


11.77 
0.50 


0.03 

0.11 

0.  70+-reiec- 


0.01 


0.03 
0.11 


0.01 

0.  50+-reiecti 


I 


25.27      0.001 
11.68      0.01 


^Mean  daily  temperature  for  5  months,  November  through  March. 

^ Total  precipitation  for  5  months,  November  through  March. 

^Increasing  numerical  value  with  years  since  1940  harvesting  (i.e.,  1941--1, 
1974--34). 

"^Mean  daily  temperature  for  period  beginning  on  day  of  peak  snow  accumulation 
and  ending  with  day  of  snow  disappearance  on  forest  plot. 


For  the  forest  plot,  the  winter  temperature  coefficient  was  negative,  indicating  a  re- • 
duction  in  peak  W.E.  associated  with  warm,  thawing  winters.   The  time-trend  variable 
was  unim.portant,  suggesting  that  change  in  the  structure  of  the  unmanaged  forest  from 
young  mature  to  mature  over  34  years  of  record  had  no  detectable  effect  on  peak  snow 
accumulation. 

On  the  recovery  plot,  the  two  climatic  variables  responded  in  the  same  manner 
(table  3).   However,  the  negative  time-trend  coefficient  was  accepted  as  important 
(P<=0.ir).   Apparently  the  managed,  sapling  stand  was  effecting  a  gradual  reduction  in i 
peak  W.E.  unexplained  by  winter  temperature  or  precipitation  input.   The  gradual  declii 
resulted  probably  from  increases  in  interception  loss  associated  with  the  expanding 
canopies  and  slightly  greater  winter  release  of  water  from  the  snowpack.   An  earlier 
study  conducted  near  the  headquarters  station  revealed  that  individually  weighed  sapliil 
trees  (Douglas-fir  and  western  white  pine)  will  lose  by  evaporation  to  the  atmosphere  ' 
to  5  percent  of  the  total  snowfall  (Satterlund  and  Haupt  1970). 
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Under  south-slope  conditions,  as  shown  in  figure  6,  the  positive  slope  coefficiei 
(>1.00]  denotes  greater  differences  between  forest  and  recovery  plots  in  winters  with, 
heavy  snowfall.  | 

Was  there  a  trend  on  the  south-slope  recovery  plot?  The  measurement  taken  in  19' 1 
lies  within  the  90  percent  confidence  band  that  was  calculated  based  upon  the  variance 
about  the  individual  value.   Apparent  lack  of  trend,  if  indeed  this  was  the  case,  was 
not  unexpected  since  the  reestablishment  of  the  new  stand  was  progressing  slowly.   The' 
were  less  than  100  trees  per  acre  (<40  trees/ha)  on  the  recovery  plot. 


SPRING  SNOWMELT  RATE 


North  Slope 

Spring  snowmelt  rates  were  determined  for  the  recovery  plot  by  dividing  the  accui 

lated  snowmelt--up  to  the  time  snow  disappeared   on  the  forest  plot--by  the  number  of 

days  elapsed.   For  the  forest  plot,  total  snowmelt  equaled  the  value  shown  for  the  pe 
W.E.   Average  rates  by  year  are  listed  in  table  2. 

The  regression  curves  (fig.  7]  show  much  faster  snowmelt  on  the  recovery  plot 
from  1942  to  1952  than  from  1967  to  1974.  The  suggested  downward  trend  was  supported 
by  results  of  the  time-trend  analyses  (table  3).  We  expected  the  spring  temperature 
coefficient  to  be  positive  and  highly  correlated  with  snowmelt.  Again,  the  time-treni 
variable  under  forest  conditions  was  unimportant.  In  the  34-year  period,  changes  in 
melt  rate  were  apparently  associated  only  with  deviations  in  spring  temperature. 

For  the  recovery  plot,  the  analysis  revealed  a  highly  significant  negative  time 
trend  coefficient  (P<=0. 01),   The  occurrence  of  slight  gradual  decreases  in  snowinelt 
rate  in  recent  years  was  entirely  independent  of  temperature  rise  and  fall.   The  thinn^ 
sapling  stand--growing  taller  and  enlarging  its  crown  area  each  year--was  apparently  . 
acting  as  a  barrier  to  wind  movement  and  was  casting  an  ever-expanding  shadow  to  shadfii 
the  snowpack,  thus  effecting  a  gradual  reduction  in  average  melt  rate. 

Of  special  interest  in  figure  7,  tlie  1967  to  1974  regression  curve  is  plotted 
slightly  beneath  the  100-percent  recovery  line.  After  34  years,  the  managed,  sapling 
stand  had  recovered  with  melt  rates  equal  to  or  slightly  reduced  from  those  associatedc 
with  the  residual  mature  timber.  Crown-cover  density  in  1974  was  estimated  to  be  0.22. 
compared  with  the  mature  forest  figure  of  0.80.  Similar  relations  between  crown-coven 
density  and  snowmelt  on  the  north  slope  were  reported  by  Packer  (1971).  The  rate  of 
snowmelt  at  his  site  decreased  as  crown-cover  density  increased  from  zero  to  0.25,  but! 
then  increased  from  0.25  to  1.00.  Experimentation  conducted  in  the  central  Sierra 
Nevada  with  radiation  instruments  supports  Packer's  empirical  results  (U.S.  Army 
Engineers  1956] . 


South  Slope 


Snowmelt  rates  were  consistently  greater  in  the  recovery  plot  for  the  six  measure! 
ment  periods  (table  2).   The  lack  of  sampling  data  precludes  clear  evidence  regarding 
trend.   Because  reductions  in  peak  W.E.  did  not  appear,  we  might  not  expect  measurable 
change  in  melt  rate.   The  lack  of  trend  (not  statistically  tested)  appears  borne  out  b' 
the  1974  data  point,  plotted  within  the  90  percent  confidence  band  (fig.  7). 
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SUMMARY  AND  CONCLUSIONS 


A  study  of  the  changes  in  snow  accumulation  and  melt  followini',  timtier  harvest  was 
conducted  in  a  young  mature-mature  stand  of  cedar-hemlock-white  lune  in  north  Idaho. 
On  the  steep  north  slope,  the  immediate  response  to  clearcutting  was  a  50  percent 
increase  in  peak  snow  W.E.,  most  of  which  was  associated  with  savings  from  intcrcejit ion 
loss.   This  pattern  persisted  until  the  new  stand  became  established.   After  2b   years, 
a  thinning  of  the  untouched  sapling  stand  reduced  stems  from  3,320  to  400  per  acre 
(1,344  to  162  stems  per  hectare).   Thirty-four  years  after  clearcutting,  a  downward 
trend  in  peak  snow  W.E.  was  evident,  although  the  overall  increase  remained  a  substan- 
tial 37  percent. 

Based  on  the  current  trend,  the  gains  will  probably  continue  to  diminisli  until  the 
next  thinning,  scheduled  for  1985.   Reduction  in  crown-cover  density  at  that  time 
should  reverse  the  trend  and  bring  about  a  brief  upswing  in  snow  VI. ll.    gain.   Ihe  sequen- 
tial pattern  of  decline  followed  by  brief  rise  should  be  repeated,  though  in  declining 
magnitude,  at  the  time  of  commercial  thinning  in  2005  and  again  in  2045.   By  the  end  of 
the  100-year  rotation,  the  managed  stand  should  be  accumulating  more  snow  than  an 
unmanaged  stand  of  comparable  age. 

On  the  steep  south  slope,  clearcutting  resulted  in  a  smaller  peak  snow  U'.F'.  in- 
crease of  37  percent.   This  average  gain  persisted  after  34  years--even  though  the  new 
stand  was  being  slowly  established.   The  silviculture  plan  called  for  no  thinning,  and 
unless  the  stand  is  thinned  in  the  foreseeable  future  the  gains  will  eventually  decline. 

Spring  snowmelt  rates  were  accelerated  after  clearcutting  on  the  north  and  south 
slopes  by  45  percent  and  44  percent,  respectively.   After  thinning  the  new  north  slope 
stand,  melt  rates  declined  over  the  years  as  crown-cover  density  increased  the  amount 
of  shade.   By  the  end  of  the  evaluation  period,  melt  rates  were  fully  recovered  antl  in 
fact  were  slightly  less  than  those  in  the  residual  mature  timber.   Based  on  findings  of 
other  research  we  conclude  that  the  minimum  melt  rate  has  been  nearly  reached  in  the 
sapling  stand  and  will  gradually  inai^ease   as  tlie  crown-cover  density  ajijiroaches  1.00. 
The  low  melt  rates  provide  the  advantage  of  delayed  snow  disappearance,  and  shoulil  delay 
infiltration  and  subsurface  flow  to  the  stream  channel  at  the  time  when  liank-full  vol- 
umes would  be  hazardous  to  channel  stability. 

On  the  south  slope,  the  progress  of  stand  reestabl ishment  (unthinned)  was  proceed- 
ing slowly  because  of  brush  competition.   Reduction  of  the  high  melt  rate  was  not 
detected.   Maintaining  a  pattern  of  accelerated  melt  rate  is  desirable  in  south  slope 
clearcuts.   First,  it  represents  a  practical  hydrologic  method  for  rushing  melt  water 
out  of  the  system  before  high  flows  of  other  subdrainages  in  the  watershed  collect  .uu! 
contribute  to  the  peak  runoff.   Second,  the  early  disappearance  of  snow  from  south  slope 
openings  exposes  browse  forage  sooner  and  at  a  time  when  most  needed  by  l>ig  game. 
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RESEARCH  SUMMARY 


Two  timber  sales  in  north  Idaho  were  experimentally  relogged  to  determine 
if  residues  could  be  reduced  through  imposition  of  strict  wood  utilization  standards. 
Relogging  took  place  in  1975,  one  year  following  the  initial  logging.  The  57-aci'e 
(23.1-ha)  Danby  Ridge  sale,  which  had  never  been  logged  before,  had  an  over- 
story  of  mixed  sawtimber  of  medium  stocking,  160  years  old,  and  an  understoi\v 
of  mLxed  polesize  material  of  poor  stocking,  80  years  old.  The  23-acre  (9.  3-ha) 
Lee  Creek  sale,  which  had  been  logged  for  cedar  in  the  1950's,  had  an  overstory 
of  mixed,  100-year-old  sawtimber  of  medium  stocking,  with  an  understory  of 
60-year-old,  poorly  stocked,  mixed  polesize  material. 

The  initial  logging  removed  only  green  saw  logs  8  feet  (2.44  m)  long  to  a  lu- 
inch  (25.4-cm)  top,  or  10  feet  (3.05  m)  long  to  an  8-inch  (20.32-cm)  top,  con- 
taining a  minimum  of  10  board  feet  (3  ft  )  and  more  than  one-third  sound.  On 
Danby  Ridge,  about  15.7  thousand  board  feet  per  acre  was  harvested;  about  G.7 
thousand  board  feet  per  acre  remained  as  dead  and  green  residue;  and  about  0. 1 
thousand  board  feet  per  acre  remained  as  residual  timber.  Volumes  on  Lee  Creek 
were  9.8  thousand  board  feet  harvested.  6.5  thousand  board  feet  residue,  and 
2.5  thousand  boax'd  feet  residual  timber. 

On  a  5-acre  study  plot,  post-harvest  residues  3  inches  (7.62  cm)  indiameter 
and  larger  amounted  to  8,  940  cubic  feet  (253  m-^)  on  Danby  Ridge  and  8,  978  cubic 
feet  (255  m"^)  on  Lee  Creek.  Relogging  to  recover  material  suitable  for  pulp, 
shake  bolts,  fence  posts,  and  sawlogs  with  a  4-inch  (10. 16-cm)  top,  resulted  in 
recovery  of  5,291  cubic  feet  (150  m"*)  on  Danby  Ridge,  a  residue  reduction  of 
59  percent.  An  additional  3,931  cubic  feet  (113  m'  )  was  harvested  on  Lee  Creek, 
a  residue  reduction  of  44  percent. 

On  Danby  Ridge,  most  of  the  salvage  was  suitable  only  for  pulp,  whereas  on 
Lee  Creek  many  pieces  qualified  for  other  products.  Salvaged  wood  was  skidded 
to  the  roadside  but  none  was  actually  sold  because  the  market  for  such  materials 
softened  as  the  study  was  nearing  completion. 

Production  rates  were  measured  for  two  harvesting  machines  common  to 
north  Idaho — a  Caterpillar  D2  tractor  and  a  John  Deere  540  rubber-tired  skidder. 
On  Danby  Ridge,  the  tractor  skidded  623  pieces  (6,026  ft  )  (168.7  nV  )  an  averiige 
one-way  distance  of  70  feet  (21.34  m)  in  44  hours.  On  Lee  Creek,  the  skidder 
moved  625  pieces  (3,062  ft^)  (85.7  m*^)  an  average  204  feet  (62.  18  m)  in  22  hours. 
Because  of  larger  piece  size  on  Danby  Ridge,  the  two  machines  moved  about  the 
same  volume  of  wood  per  hour. 

The  skidder  operated  at  below  payload  capacity  because  residues  were  in 
small  pieces.  The  tractor,  although  working  close  to  capacity,  was  impeded  by 
not  having  a  winch.  Until  special  harvesting  equipment  designed  to  handle  re- 
sidues is  available,  the  small,  multi-purpose  skidder  will  remain  the  most  prac- 
tical machine  for  salvage  logging. 
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INTRODUCTION 


The  forester  of  today  must  increase  tlie  supply  of  wood  filier  from  a  shriiikiii)'  t  iiii- 
berland  base  while  minimizing  environmental  damage,  aesthetic  disturbances,  and  fire 
hazards.   Une  important  method  for  accomplishing  these  objectives  is  to  ut  i  1  i  .:e  more  of 
the  residue  resulting  from  treatments  of  mature  stands. 

Altliough  forest  industries  in  the  Northern  Rockies  are  olitaining  an  increasing 
amount  of  raw  wood  from  residues  formerly  abandoned  or  burneil,  volumes  and  character i sts 
3f  this  material  and  prospects  for  additional  wood  utlization  are  largely  unknowii  in 
nixed  conifer  t>'pes  of  north  Idaho.   Little  quantitative  data  is  available  on  tlie  efforts 
expended  and  results  of  adopting  stringent  utilization  standards. 

Tliis  report  describes  experimental  relogging  of  two  State  of  Idaho  ( DeiiartiiKMit  of 
Lands)  timber  sales  in  the  mixed-conifer  tv^ie  of  nortii  Idaho.   The  relogging  was  con- 
ducted in  July  and  August  of  1975.   Both  sales  had  been  conventionally  harvested  witiiin 
one  year  of  the  relogging.   The  study  was  intended  to  answer  the  following  ipiestioiis: 

1.  What  are  the  volume  and  characteristics  of  logging  resiilue  after  conventional 
logging? 

2.  What  additional  products  and  wood  volumes  could  be  removed  in  a  relogging 
operation  imposing  stringent  utilization  standards? 

5.   What  are  tiie  residue  volumes  and  characteristics  after  relogging? 

4.   What  relogging  production  rates  miglit  be  expected  using  eciuipment  coiniiioii  to 
north  Idaho? 

The  study  revealed  that  logging  residues  can  be  reduced  apjiroximately  40  to  (>0 
percent  in  cubic  volume,  and  significant  quantities  of  useable  raw  wood  can  lic  recover- 
ed by  imposing  logging  standards  more  stringent  than  normal.   Relogging  proiluction 
rates  were  dependent  on  machine  condition,  capacity,  and  flexil)ility  as  well  as  site 
conditions  and  residue  characteristics.   Economic  feasibility  of  relogging  whicli  tie- 
pends  upon  the  prevailing  market  for  small  logs  and  pulyi   Iwlts,  was  beyond  tlie  scope  of 
this  study. 

THE  STUDY  AREAS 


Selection  of  Study  Areas 

During  the  spring  of  1975,  six  recently  logged  areas  representing  the  mature, 
mixed-timber  ty^^es  of  north  Idaho  were  selected  for  preliminary  residue  measurments. 
A  cutting  block  on  each  sale  was  transect- inventor  i  cd  to  determine  residue  cliaracler 
and  volume.   Comparison  of  timber  sale  statistics  and  transect  surve\-  results  pi-ovided 
the  basis  for  estimating  amounts  of  wood  harvested  and  residues.   The  range  of  stand 
conditions  utilization  standards,  and  residue  amounts  are  nresenteil  in  appendixes  i  and 
II  to  allow  the  interested  reader  to  make  generalizations  concerning  liis  own  situation. 
The  following  criteria  were  used  to  select  the  study  areas. 

1.  Utilization  standards  of  sale  and  logging  metjiods 

2.  Si Ivicultural  treatment 

3.  Sale  volume  per  acre 


4.  Age  of  timber  cut  and  remaining  timber 

5.  Species  mixture  on  area 

6.  Availability  of  sale  records 

7.  Degree  to  which  residues  represented  post-logging  conditions 

Study  Area  Descriptions 

The  Danby  Ridge  sale  near  Rathdrum  and  the  Lee  Creek  sale,  east  of  Priest  Lake,] 
were  selected  for  study  on  the  basis  of  similarities  and  differences,  as  follows: 

1.  Similarities 

Terrain  in  both  cases  was  gentle--10  to  15  percent. 

Only  sawlogs  were  removed  in  the  harvesting. 

Utilization  standards  were  very  similar. 

Both  areas  were  harvested  with  small-to  medium-sized  mobile  skidders. 

Access  was  excellent  on  both  sales.   Two  or  more  sides  were  roaded. 

Sales  records  were  good. 

Residue  had  been  on  the  site  for  one  year  or  less. 

The  following  stand  descriptive  criteria  were  in  effect  at  the  time  of  the 
conventional  harvest.  Sawtimber  was  11.0  inches  (27.94  cm)  d.b.h.  and  larger 
polesize  was  5.0  to  10.99  inches  (12.7  to  27.92  cm)  d.b.h.;  medium-stocked  wa 
76  to  149  square  feet  (7.06  to  13.84  m^)  of  net  basal  area  per  acre,  or  40  to 
70  percent  by  crown  closure;  poorly  stocked  was  20  to  57  square  feet  (1.86  to 
5.30  m^)  of  net  basal  area  per  acre,  or  10  to  40  percent  by  crown  closure. 

2.  Differences 

A  seed  tree  cut  of  Danby  Ridge  removed  160-year-old  stems  and  most  of  the 
volume  (fig.  1).  In  contrast,  a  commercial  thinning  removed  100-year-old 
stems  and  about  80  percent  of  the  volume  of  Lee  Creek  (fig.  2). 

The  Danby  Ridge  sale,  situated  on  a  ridgetop  exposed  to  frequent  high  winds 
and  thunderstorms,  had  a  high  percentage  of  cull  and  broken-top  trees  (fig.  1 
In  fact,  the  seed  tree  cut  actually  turned  out  to  be  a  clearcut,  with 
scattered  reproduction  and  60-  to  80-year-old  poles.   Lee  Creek,  located  in  a 
draw  and  bordered  by  a  creek,  was  a  liealthy  stand  before  and  after  harvesting 

Danby  Ridge  had  no  history  of  past  logging  on  the  study  site,  although  parts 
of  the  surrounding  sale  area  had  been  previously  harvested.   Lee  Creek  had 
been  cut  for  cedar  products  in  the  1950's.   Most  of  the  dead,  rotten  pieces 
came  from  this  operation. 

Prior  to  harvesting,  the  timber  overstory  on  Danby  Ridge  consisted  of  mixed 
sawtimber,  medium- stocked,  160  years  old.   The  understory  was  mixed  polesize 
material,  poorly  stocked,  80  years  old.   Overstory  on  Lee  Creek  was  mixed 
sawtimber,  medium-stocked,  100  years  old.   Understory  vegetation  was  composed 
of  mixed  polesize  material,  poorly  stocked,  60  years  old. 


Figure    1. — Danby  Ridge  sale  after  harvesting. 


Figure   2. --Lee   Creek  sale  after  h.a.rvestin<^ 


STUDY  METHODS 


Inventory  Procedures 

A  5-acre  (2.02-ha)  rectangular  block  on  each  of  the  two  sites  was  laid  out  and  all 
residue  more  than  8  feet  (2.44  m)  in  length  and  3  inches  (7.62  cm)  in  diameter  (small 
end)  was  measured.   Original  wood  volume  on  the  two  study  sites  and  the  progressive 
effects  of  each  treatment  on  residue  amount  and  character  were  compared.   Conventional 
logging  was  measured  in  board  feet,  relogging  in  cuIdIc  feet.   Much  of  the  residue  re- 
maining after  logging  was  too  small  to  be  expressed  in  board  feet.   Only  residue  3 
inches  (7.62  cm)  or  more  in  diameter  was  measured  on  the  5-acre  (2.02-ha)  study  areasj 
residue  smaller  in  diameter  was  deemed  useless.   A  board  foot:  cubic  foot  ratio  was 
computed  for  comparing  the  two  measurements  of  volume. 
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Relogging  Production  Procedures 

Two  methods  of  skidding  were  compared  on  a  round-trip  basis.   Miscellaneous  pro 
duction  and  nonproduction  time  was  also  analyzed.   Skidding  was  timed  with  a  stop  watcH 
and  the  turn  pieces  and  volumes  tallied. 


CONVENTIONAL  LOGGING 


Utilization  Standards  and  Products 

Sawlogs.- -Only   green  sawlogs  (8  feet  [2.44  m]  long  to  a  10-inch  [25.4-cm]  top,  o 
10  feet  [3.05  m]  long  to  an  8-inch  [20.32-cm]  top)  containing  a  minimum  of  10  board 
feet  (3  ft^)  and  more  than  one-third  sound  were  considered  merchantable  and  were  removt 
from  both  study  areas.   "One-third  sound"  meant  that  a  piece  containing  a  gross  scale 
of  30  board  feet  must  have  10  sound  board  feet  to  be  merchantable.   Rot,  sweep,  crook 
and  checks  were  considered  defects.   Summation  of  cubic  volume  contained  in  residue 
pieces  grossing  10  board  feet  revealed  that  an  average  10-board-foot  piece  contained 
approximately  3  cubic  feet. 


i 


Putpwood.-- Although   no  pulpwood  was  removed,  Department  of  Lands  pulp  standards 
were  hypothetically  applied  to  determine  how  removal  of  this  additional  product  would 
have  affected  residue  volumes. 

Pulpwood  is  defined  as  green  or  dead  softwoods  not  merchantable  for  sawlogs  but 
containing  10  board  feet  of  pulpable  material,  and  having  one-third  or  more  of  the 
gross  volume  in  sound  wood. 

Rot-infected  wood  is  considered  merchantable  for  pulpwood  if  the  wood  fibers  can- 
not be  extracted  from  the  end  of  the  log  with  the  fingers.   Logs  having  an  unmerchant- 


able  core  greater  than  the  maximum  allowable  size  listed  in  table  11  of  A  Manual  of" 
Instruction  for  Log  Scaling  and  the  Measurement  of  Timber  Products  (State  of  Idaho  VO- 
ED  No.  38)  are  not  considered  merchantable.   Checks,  splits,  crook,  and  blue  stain  are 
lot  considered  as  defects  in  determining  pulpwood  volume. 


Pre-Harvest  Inventory 


The  pre-harvest  inventory  was  found  by  adding  green  and  dead  pieces  containing  10 
3r  more  gross  board  feet  to  the  volume  of  the  residual  stand  and  scaled  logs  removed, 
fable  1  shows  the  pre-harvest  volumes. 


Table  l--PreJiarvest  volumes  on  north  Idaho   timber'  sales 


Sale 
size 

Volumes  per  acre 

Sale      : 
lame      : 

:      Removed 

:            :    Green   :   Dead    : 
:   Residual   :    Residue  :  Residue  : 

Total 

Acres 

Thousand  board  feet 

3anby  Ridge 

57.0 

15.7 

0.1            2.8       3.9 

22.5 

^ee  Creek 

23.0 

9.8 

2.5            1.7       4.8 

18.8 

^  Includes  trees  that  blew  down  following  logging. 


Post-Harvest  Inventory 


Board  foot  and  cubic  residue  volumes  (pieces  8  feet  [2.44  m]  and  longer  and  3  inches 
[7.62  cm]  and  more  in  diameter)  left  after  conventional  logging  are  shown  in  talkie  2. 
Principle  findings  are: 

1.  Dead  residue  made  up  most  of  the  gross  volume  on  both  study  areas;  liowevcr, 
green  pieces  were  more  abundant  in  both  instances. 

2.  Rot  was  rather  evenly  spread  between  green  and  dead  material  on  Danby  i^idge 
regardless  of  piece  volume.   Large  pieces,  both  dead  and  green,  contained  a 
high  percentage  of  cull  material  on  Lee  Creek.   Small  jiieces  (less  than  3  cubic 
feet)  were  generally  defect  free. 

3.  Useable  (net)  residue  pieces  on  Danby  Ridge  were  larger  and  less  numerous  than 
those  on  Lee  Creek. 

Because  conventional  methods  of  board-foot  measure  disregard  pieces  with  end  dia- 
neters  less  than  6  inches  (15.24  cm),  cubic  volume  provides  a  much  i)etter  measure  of 
total  volumes  than  board-foot  volume.   However,  a  board  foot: cubic  foot  ratio  was 
desired  to  allow  referral  to  the  Pre-ilarvest  Inventory  (table  1)  and  permit  further  cat- 
egorization of  the  residue  occurring  on  the  two  sites.   Because  this  ratio  is  great 1\' 
influenced  by  piece  size,  a  general  ratio  to  cover  the  range  of  diameters  was  needed. 
3n  Lee  Creek,  dead  residue  (material  dead  l)efore  initial  harvesting)  was  larger  than 


the  green  residue  (created  in  the  harvesting) .   Residue  condition  was  then  used  to 
obtain  board  foot: cubic  foot  ratios  for  pieces  containing  10  board  feet  (3  ft 3)  or 
more,  as  follows:  Lee  Creek,  dead  residue,  5.78-1;  green  residue,  4.68-1;  Danby  Ridge, 
dead  residue,  4.96-1;  green  residue,  5.01-1. 


Table  2. — Post  harvest  inventory    (5  acres),   number  of  pieces  and  gross  volumes 


Item 

: 

Danby  R 

idge       : 

Lee 

Creek 

Pieces 

Ft  3 

M  bd.ft. 

Pieces 

Ft  3 

M  bd.ft 

Dead  residue 

325 

3,674 

19.34 

266 

4,262 

23.91 

Green  residue 

111 

2,996 

13.65 

591 

2,482 

8.53 

Green  blowdown 

5 

71 

.41 

85 

838 

4.04 

Total 

707 

6,741 
(190.74  m3) 

33.40 

942 

( 

7,582 
214.57  m3) 

36.48 

Pieces  in  total 

less  than  1/3 

136 

1,438 

7.74 

156 

3,732 

22.03 

sound 

Pieces  in  total 
less  than  3  ft3 


152 


270 


422 


640 


Number  of  pieces  and  net  (pulpwood  base)  volumes-^ 


Dead  residue 

208 

2,472 

12.70 

122 

941 

5.80 

Green  residue 

358 

2,800 

12.56 

580 

2,370 

5.81 

Green  blowdown 

5 

31 

.41 

84 

539 

3.24 

Total 


571 


5,303 
(150.08  m3) 


25.67 


786       3,850     14.85 
(108.95  m3) 


Pieces  in  total 
less  than  3  ft 3 


Pieces  in  total 
less  than  10 
bd.  ft. 


136 


152 


236 


399 


399 


607 


^Includes  pieces  averaging  27%  solid  rot  and  12%  sound  defect  on  Danby  Ridge  and 
10-6  solid  rot,  4.5%  sound  defect  on  Lee  Creek. 


RELOGGING 


Utilization  Standards  and  Products 

Although  utilization  standards  were  more  stringent  than  normal,  an  attempt  was 
nade  to  recover  products  merchantable  at  the  time  of  the  study  and  in  the  future.   His- 
;ussion  with  those  knowledgeable  about  buying  and  selling  wood  products  led  to  the  fol- 
lowing products  and  standards. 

Sawlogs . --Minimum   length,  8  feet  6  inches  (2.59  m) ;  minimum  top  diameter  inside 
jark,  4  inches  (10.16  cm).   All  sawlogs  cut  in  multiples  of  8  feet  (2.44  m) .   No  sweep, 
splits,  checks,  or  rot  that  would  lessen  the  volume  within  these  minimum  dimensions. 
Specifications  applied  to  coniferous  species  both  green  and  dead. 

Pulpbolts .  - -mnimum   length,  8  feet  (2.44  m)  ;  minimum  top  diameter  inside  bark,  7> 
inches  (7.62  cm).   In  effect,  one  third  or  more  sound  and  containing  at  least  0.4  cubic 
feet  of  useable  wood  fiber.   All  species,  both  hard  and  soft  wood,  green  or  dead,  with 
the  exception  of  western  red  cedar  were  considered  for  pulpwood.   Pieces  containing 
less  than  one-third  sound  wood  by  volume  were  not  considered  merchantable  because  they 
vould  likely  disintegrate  during  handling.   Large  logs  with  crumbly  rotten  heartwood 
md  solid  shells  were  made  into  products  using  table  11  (VO-HD  No.  38)  as  a  guide. 

Post.9 . --Lodgepole  pine,  western  Larch,  Douglas-fir,  and  western  red  cedar  were 

;onsidered  merchantable  for  posts.   Utilization  standards  were  identical  to  sawlogs, 

except  7  feet  (2.13  m)  was  the  minimum  length  and  3  inches  (7.62  cm)  the  diameter  of 
the  small  end. 

Shake  and  shingle  bolts.--   Western  red  cedar  was  the  only  species  considered  for 
these  products.   All  cedar  more  than  one-third  sound,  at  least  6  feet  (1.83  m)  long,  at 
least  12  inches  (30.48  cm)  at  the  small  end,  and  capable  of  squaring  out  sound  4-inch 
(10.16  cm)  pieces  v\fas  considered. 


Pre-Relogging  Inventory 


As  mentioned  in  the  post-harvest  inventory  section,  all  residue  was  measured  and 
counted.   To  evaluate  the  volume,  utilization  potential,  and  characteristics  of  the 
'esidue,  the  following  information  was  recorded: 

1 .  Type  of  residue--green  (created  in  logging)  or  dead 

2.  Diameter  at  large  end  and  small  end,  plus  length  to  obtain  volume;  the  formula 
for  a  uniformly  tapered  cylinder  and  a  constant  of  0.001818  was  used  to  deter- 
mine cubic  foot  volumes 

3.  Species  of  piece 

4.  Percentage  of  rot  and  sound  defects  tjiat  would  lessen  potential  jiroduct  re- 
covery 

5.  Number  of  sawlogs,  poles,  posts,  pulp  bolts  or  cedar  products  that  might  be 
recovered. 


All  pieces  to  be  skidded  were  marked  with  paint.   At  Danby  Ridge,  pieces  that 
were  likely  to  break  up  in  recovery  (less  than  one-third  sound)  were  marked  with  a 
separate  color  and  separated  on  the  landing.   Pieces  likely  to  fall  apart  in  relogging 
were  not  marked  or  skidded  on  Lee  Creek,   More  will  be  mentioned  about  these  pieces 
later. 


The  number  of  potential  products  made  on  site  from  useable  pieces  are  shown  in 
table  3.   The  table  reveals  that  few  products  were  made  from  pieces  containing  less 
than  10  board  feet  (3  ft^)  on  Danby  Ridge;  this  was  not  the  case  on  Lee  Creek.   Green 
residue  provided  the  source  for  most  of  the  sawlogs  on  both  areas.   About  18  percent  of 
the  sawlogs  on  Danby  Ridge  were  obtained  from  green  blowdown  material,  resulting  after 
the  harvesting  was  completed.   Forty-seven  percent  of  the  relogging  sawlogs  were  obtaine 
in  this  manner  on  Lee  Creek.   Pulpwood  constituted  the  majority  of  relogging  products 
in  both  cases,  although  the  size  of  the  material  varied  greatly  between  sites.   Sixteen 
percent  of  the  pulpbolts  were  made  from  pieces  containing  less  than  3  cubic  feet  on 
Danby  Ridge,  while  this  material  made  up  47  percent  of  the  pulp  at  Lee  Creek.   About 
1.7  products  were  made  from  each  piece  of  merchantable  residue  on  Danby  Ridge  and  2.3 
products  on  Lee  Creek. 


Table  3. — Pre-velogging  inventory    (5  acres),   potential  products  marked  on  site 


Product 


Danby   Ridge 


Lee  Creek 


M 

Iras 
Icon 
|.F 


iTat 


jSti 

5e; 
jane 
Irel 


1 
Sawlogs : 
Dead 
Green 
Green  blowdown 

1 
Pulpbolts: 
Dead 
Green 

Green  blowdown 
1 
Posts : 

Dead 
Green 

1 
Shakebolts : 
Dead 
Green 


No.  of  products 

No.  of  products 

5 

42 

55 

147 

12 

132 

410 

271 

513 

907 

5 

194 

1 

-- 

69 

29 

18 

anc 
rel 


Total  products 

Total  pieces 

Total  useable  pieces 

Products  in  tocal  that  were 
made  from  pieces  less  than  10 
bd.ft.  or  3  ft 3 


995 

707 
571 

152 


1,810 
942 
786 

688 


See  specifications  in  relogging:  Utilization  Standards  and  Products. 


Post-Relogging  Inventory 


After  completion  of  the  relogging,  each  area  was  inventoried  to  determine  the 
^:ubic  volume  of  all  pieces  3  inches  (7.62  cm)  or  more  in  diameter  and  1  foot  fO.?;  ml  or 
iiore  in  length.   Table  4  shows  the  results  of  this  inventory.   Pieces  longer  than  8  feet 
j^2.44  m)  are  included.   This  is  due  to  one  of  three  causes:  too  rotten  to  mal<e  products, 
jiissed  in  the  relogging,  broken  and  abandoned.   As  mentioned  before,  pieces  less  than 
:)ne-third  sound  were  considered  too  rotten  to  move  and  stay  together.   This  hypothesis 
vas  tested  on  Danby  Ridge.   These  pieces  were  marked  with  blue  paint  and  the  operator 
;onducting  the  relogging  was  asked  to  attempt  skidding  them;  70  pieces  out  of  136  broke 
ip  in  the  skidding  operation.   On  Lee  Creek,  156  rotten,  no  pi'oduct  pieces  were  left 
.n  place  because  of  the  anticipated  breakup. 


able  4. --Post  relogging  inventory    (5  aaves)   residue  Z  inch  diameter  or  larger 


tudy  phase 


Danby  Ridge 


Lee  Creek 


lesidue  volumes 
md  pieces  before 
-elogging: 


Pieces 


^.'^3 


Ft 


Pieces 


Ft 


Longer  than  8  ft 
Shorter  than  8  ft 


707 
1,110 


6,471      942      7,582 
2,199     1,434      1,396 


Total 


1,817  8,940  2,376  8,978 

(253   m3)  (254   m^) 


Residue  volumes 
md  pieces  after 
relogging: 


Longer  than   8   ft 


136^ 


1,438 


156 


3,433 


Longer  then  8  ft 
but  missed  or 
broken 

Shorter  than  8  ft 

Total 


5 
1,110 


1,251 


12       80        218 
2,199    1,434      1,396 


3,649  1,670 

(103   m^) 


5,047 
(143   m^) 


Percent  reduction 


31 


59.2 


29 . 7 


4  3.8 


^66  pieces  (641  ft^)  skidded  and  decked  separately;  70  pieces  left  on  site;  see 
30st-relogging  inventory  for  details. 


Residue  Reduction 


II 


One  of  the  objectives  of  the  study  was  to  evaluate  additional  residue  reduction 
achieved  by  relogging.   Post-harvest  residues  3  inches  (7.62  cm)  in  diameter  or  longer 
amounted  to  8,940  cubic  feet  (253  m^)  on  Danby  Ridge  and  8,978  cubic  feet  (255  m-^)  on 
Lee  Creek.   Relogging  resulted  in  removal  of  5,291  cubic  feet  (150  m^)  on  Danby  Ridge, 
a  reduction  of  59  percent.   An  additional  3,931  cubic  feet  (113  m^)  was  removed  in  re- 
logging Lee  Creek,  a  reduction  of  44  percent.   A  per-acre  approximation  of  the  cubic 
volumes  existing  prior  to  each  treatment  is  shown  in  table  5.   Pre-harvest  volumes  were 
found  by  applying  a  board  foot: cubic  foot  ratio  of  5  to  1  to  the  total  of  table  1. 
Post-harvest  and  post-relogging  volumes  were  obtained  from  table  4. 

Residue  conditions  following  relogging  on  both  study  areas  are  shown  in  figure  3 
(Danby  Ridge)  and  figure  4  (Lee  Creek) . 


Table  5. — Gross  residue  volumes  per  acre  for  major  phases  of  study 

Study  phase :  Danby  Ridge :  Lee  Creek 

Cubic  feet  Cubic  feet 

Preharvest  4,500  3,760 

Harvesting: 

Post  harvest  1,788  1,805 

Residual  20  500 


Total  1,808  2,305 

(51  m3)  (65  m3) 


Relogging: 

Post  relogging  730  1,009 

Residual  20  500 


Total  750  1,509 

(22  m3)  (43  m^) 
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Figure   Z.--Danbij  Ridge  sale  followiyig  relogging. 


^^: 


Figure  4. — Lee  Creek  sale  following  relogging. 
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Product  Recovery 


The  decked  material  could  not  be  sold  when  the  pulp  market  weakened  throughout  the 
Northwest  about  the  time  the  study  was  concluded.   Total  merchantable  products  and  cubic 
volumes  are  based  on  roadside-decked  pieces.   The  figures  in  table  6  were  derived  by 
subtracting  the  post-relogging  inventory  from  the  post-harvest  inventory.   This  method 
was  followed  because  (1)  only  cubic  volumes  were  measured  during  the  relogging,  (2)  not 
all  pieces  were  measured,  and  (3)  some  rotten  pieces  were  left  on  Danby  Ridge,  and 
others  were  skidded.   On  Lee  Creek,  a  number  of  sound  pieces  were  broken  or  missed  and 
were  deducted  from  the  total  number  of  products  recovered. 


Table  6. --Number  of  products  recovered  (5  acres),  as  marked  and  decked, 
Product 

Sawlogs 

Pulpbolts 

Posts 

Shake  and  shingle 

bolts  --        --  47        47 


Danby 

Ridge 

: 

Lee 

Creek 

Marked 

Decked 

: 

Marked 

:   Decked 

72 

72 

321 

321 

928 

921 

1,372 

1,219 





•  70 

69 

Total  1,000       993  1,810     1,656 


Production  Analysis 


A  principal  objective  of  this  study  was  to  compare  relogging  production  rates, 
using  equipment  common  to  north  Idaho.   Both  the  logger  and  the  landowner  must  have 
incentives  to  remove  and  utilize  residues.   One  real  incentive  is  removing  enough  ad- 
ditional wood  to  pay  for  the  cost  of  relogging.   Value  cannot  be  estimated  unless  the 
time  required  to  harvest  products  or  wood  fiber  is  known.   Production  rates  are  known 
for  logging  equipment  in  the  major  timber  types  of  north  Idaho,   The  operator  usually 
compares  his  equipment  to  these  norms;  given  volume,  distance  of  skid,  and  other 
operating  conditions,  he  establishes  his  own  production  rate  and  costs. 

Relogging  production  rates  are  not  known;  thus  a  logger  has  no  comparative  data 
from  which  to  establish  his  own  production  rate  and  cost.   The  following  analysis 
(tables  7  and  8),  although  limited  to  two  stands  and  two  skidding  systems,  should  pro- 
vide a  basis  for  comparison. 
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Table 


■Eelogging  production  data:   actual  work  dan   '-'-''•  S-lioui-  da;j 


Item 


Danby  Ridge 


Lee  Creek 


^Number  of  pieces 

iNumber  of  days 

'Number  of  pieces  per  day 

iNumber  of  pieces  per  8-hr  day 

[Average  length  of  piece feet. 

[Average  small-end  diameter inch. 

Volume cubic  feet. 

Volume  per  day cubic  feet. 

Volume  per  8-hr  day cubic  feet. 

Number  of  turns 

Number  of  turns  per  day 

Number  of  turns  per  8-hr  day 


307 

5 

61 

104 

17.0 
8.5 

3520 

704 

1220 

127 

25.4 
44 


471 
-> 

235 
259 
23.1 
4,1 

1980 

990 

1095 

76 
38 

42 


Production  time  per  day hours, 

Production  time  per  8-hr  day hours, 

Non-production  time  per  day hours. 

Non-production  time  per  8-hr  day.. hours. 


0.8 
1.4 


6.6 

7.2 

0.7 
0.8 


Table  8. — Eelogging  production:   average   times  and  distances  big   turn 


Parameter 


Danby  Ridge 


Lee  Creek 


Production  elements: 


Time  out.. (all  times  in  minutes),. 

Hook  time 

Bunch  time 

Time  in 

Unhook  time 

Landing  time 

Round-trip  time 

Misc.  production  time 


0.9 
2.3 
1.8 
0.9 
1.1 
0.9 
7.9 
1.1 


1.0 
1.1 
1.0 
1.0 
9.6 
0.6 


Non-production  elements: 


Personnel  not  working 
Machine  dovm  time 

One-way  distance feet . 

Number  of  pieces 

Volume cubic  feet . 


0.4 
1.5 

70 

2.4 
27.7: 


1  .1 

0.1 

204 

6.2 

26.09 
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Skidding  methods  and  equipment .--Tvio   conventional  mobile  skidding  methods  were 
compared:  a  crawler  tractor  (Danby  Ridge)  and  a  rubber-tired  skidder  (Lee  Creek). 

Crawler  tractor  (fig.  5)  .   The  crawler  tractor  evaluated  was  an  old  Cater- 
pillar Model  D2,  a  machine  used  for  light-duty  construction,  forestry,  and 
farming.   Skidding  was  accomplished  by  placing  two  or  three  chokers  over  a 
drawbar  pin.   Usual  skidding  procedure  was  to  drag  one  to  three  logs  to  the 
edge  of  the  long  axis  of  the  area.   Because  the  tractor  lacked  a  blade,  littl( 
bunching  of  the  logs  was  possible.   The  operator  was  instructed  to  skid  all 
sound  pieces  and  to  attempt  to  skid  unsound  pieces.   Machine  down  time  was 
common.   A  total  of  9  full  and  partial  days  were  required  to  complete  the 
skidding  of  the  5-acre  (2.02-ha)  tract. 


Figure  5. — Relogging  Danby  Ridge  with  small  crawler  tractor. 
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Rubber- tii'ed  skidder  (fig.  6).  A  medium-sized,  rubber-tired 
selected  to  represent  a  type  of  machine  commonly  used  in  nor 
unit  was  a  John  Deere  Model  540  equipiied  with  a  winch  and  fi 
In  practice,  five  to  seven  logs  were  sisidded  to  one  of  three 
blade  of  the  skidder  was  used  to  deck  the  pieces  6  to  8  feet 
The  operator  was  free  to  skid  as  he  wislied,  ]irovided  tliat  al 
were  removed.  No  machine  down  time  other  than  fueling  was  n 
operator.  Two  full  days  and  1  partial  day  were  recjuired  to 
(2.02-ha)  area.  In  both  instances,  the  wood  recovered  was  n 
logger. 


s 

k  idder 

wa  s 

th 

Idaho 

This 

ve 

to    seven 

chokers 

1 

and  ings . 

(ihe 

( 

2   to    3 

m) 

high. 

1 

iiarkei.1 

|ii  eces 

ot 

ed    for 

th 

i  s 

sk 

id   the 

.^)  - 

acre 

ot 

sold 

to 

tlie 

Timed  obsepvations .--Two   people  observed  production  on  each  study  area.   One  indi- 
vidual, positioned  at  the  landing,  recorded  number  of  turns  and  pieces  and  measured 
length  and  diameter  on  all  pieces.   Tlie  second  person  followed  the  turn  of  logs  from 
the  woods  to  the  landing.   All  elements  of  the  operation  were  timed  with  a  stop  watch 
to  the  nearest  hundreth  of  a  minute.   Elapsed  time  for  eacli  event  was  noted,  then  the 
watch  was  kept  running.   This  method  allowed  for  a  slight  error  when  compared  to  total 
operating  time  (about  2  to  3  percent  short).   Unusual  delays  in  production  were  noted. 
Because  the  crew  members  were  in  frequent  contact,  number  of  pieces  jier  turn,  turn 
number,  and  gross  time  could  be  compared. 


Figure  6. — Relogging  Lee  Creek  with  rubber-tired  skidder. 
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Because  the  skidding  systems  were  investigated  under  different  stand  and  operating 
conditions,  total  skidding  time  was  broken  into  minor  elements  to  facilitate  comparative 
analysis  of  the  data.   Production  elements  directly  related  to  output  per  turn  (skid- 
ding) were  added  to  obtain  round-trip  time.   Breaks  in  the  round-trip  time  were  clas- 
sified as  productive  and  nonproductive  delays.   Productive  delays  include  items  such  as 
hang-ups,  straightening  out  chokers,  and  moving  stumps.   Nonproductive  delays  include 
operator  breaks,  machine  down  time,  and  operator  discussion  with  the  study  team.   Be- 
cause of  scheduling  problems  and  the  demands  of  other  work  necessary  to  complete  the 
study,  only  a  portion  of  the  actual  production  process  was  timed  on  each  area.   Lee 
Creek  was  timed  2  days  out  of  the  3  production  days.   Danby  Ridge  was  timed  5  days  out 
of  9  days.   In  both  instances,  the  operator  kept  track  of  total  hours  worked,  total 
number  of  turns,  and  pieces  when  the  study  team  was  absent.   The  results  of  measured 
total  production  variables  can  be  seen  in  table  7. 

The  most  important  production  activity  for  which  data  was  gathered  was  roundtrip 
skidding  time  composed  of  six  elements: 

1.  Out-time.   Time  required  to  move  the  skidding  unit  from  the  landing  to  the 
general  area  where  the  logs  are  to  be  hooked.   Out-time  starts  when  the  skid- 
der  leaves  the  landing  and  stops  when  the  machine  arrives  at  the  hooking  site. 

2.  Hook-time.   Time  required  to  get  a  choker  around  a  log.   Hook-time  starts  when 
the  operator  gets  off  the  skidder.   It  ends  as  he  returns  to  his  machine. 

3.  Bunch- time.   Time  required  for  lateral  movement  of  one  or  more  logs  prior  to 
moving  towards  the  landing  with  a  turn.   It  also  includes  the  time  necessary 
to  break  pieces  loose  from  their  initial  resting  place  and  place  them  where 
they  can  be  reassembled.   Bunch-time  started  as  the  machine  or  winch  started  to 
apply  pressure  to  the  choked  log.   It  ended  when  the  piece  was  lined  up  to 
start  for  the  landing. 

4.  In-time.   Time  required  for  the  skidding  unit  to  move  individual  pieces,  and 
the  turn  towards  the  landing.   In-time  started  when  a  piece  was  started  to- 
wards the  landing.   It  ended  when  the  load  was  deposited  on  the  landing  and 
the  machine  stopped. 

5.  Unhook-time.   The  time  required  to  unhook  the  turn  and  drag  the  chokers  free. 
Unhook-time  started  when  the  operator  stopped  on  the  landing  and  ended  when 
the  chokers  were  in  position  for  the  trip  out  and  the  operator  was  back  on 
his  machine. 

6.  Landing-time.   Includes  all  time  on  the  landing  other  than  out-time,  in-time, 
or  unhook-time.   Landing-time  started  when  one  of  these  three  activities 
ceased  and  stopped  when  they  were  resumed. 

A  summary  of  average  production  elements  by  turn  is  shown  in  table  8.   These  aver- 
ages are  delay  free.   The  effect  of  delays  may  be  found  by  adding  miscellaneous  down 
time,  machine  do\'m  time,  and  operator  time  out  to  round  trip  time. 

Production  findings .--Tables   7  and  8  prove  the  value  of  using  equipment  designed 
and  built  specifically  for  moving  small  pieces  of  wood.   Neither  the  tractor  nor  the 
rubber-tired  skidder  operated  as  efficiently  as  stand  condition,  piece  size,  and  time 
would  indicate.   This  conclusion  is  based  on  the  following  observations: 

1.  Poor  tractor  maintenance  contributed  to  short  work  days. 

2.  Lack  of  a  winch  required  excessive  bunching  time. 
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3.  The  tractor  was  much  slower  than  the  skidder.   The  average  one-way  skid  was 
only  one-third  as  far,  but  required  75  percent  of  the  time  taken  l\v  tlie  skid- 
der.  Difference  in  skidding  distance  on  two  areas  of  SLniilar  configuration 
and  size  was  due  to  the  rubber-tired  skidder  making  only  three  decks  and  the 
tractor  stringing  out  the  turns  along  both  long  axes  of  the  area. 

4.  Due  to  larger  residue  size  and  a  shorter  one-way  skid  on  Danby  Ridge,  tlic 
tractor  moved  approximately  the  same  cubic  foot  volume  per  hour  as  the  rubber- 
tired  skidder  moved  on  Lee  Creek. 

5.  The  skidder  was  worked  far  below  capacity.   The  operator  was  unable  to  add 
enough  chokers  to  work  his  machine  efficiently.   The  tractor  worked  at  or  near 
capacity  much  of  the  time. 

6.  Because  of  its  size  the  skidder  crushed  and  broke  more  material  than  the  small 
tractor  broke  at  Danby  Ridge. 

Regression  analysis .--^egression   equations  of  tlie  form  Y  =  b,+b|X  were  calculated 
for  each  of  the  independent  variables  thought  to  influence  some  dependent  production 
element.   The  t-statistic  was  used  to  test  the  hypothesis  that  a  linear  relationship 
exists  between  the  two  variables  considered.   All  tests  were  done  at  the  95  percent 
confidence  level.   A  linear  relationship  was  shown  to  exist  in  many  cases.   Looking  at 
the  R^  value  makes  production  variation  more  meaningful.   R^  indicates  the  proportion 
of  variation  in  \   explained  by  X.   For  example,  an  average  of  40  percent  of  the  varia- 
tion in  time  out  (table  9)  is  explained  by  distance.   The  results  for  other  production 
elements  are  shown  in  table  9. 


Table  9  .--Relogqing  production   regression   c-oeffificnts 


Y 


X 


0 


Danby  Ridge 


Lee  Creek 


1 


R2 


t-test 


1 


R2 


t-test 


Time  out  dist. 

Time  in  dist. 

Time  in  turn  vol 

Time  in  no.  logs  .88 

Hook  time  no.  logs  1.22 

Bunch  time  no.  logs  .08 

Unhook  time  no.  logs  .50 

RT  time  no.  logs  5.64 

RT  time  turn  vol.  7.34 


0.38   0.007 
.59 
.65 


007 

0.38 

005 

.21 

01 

.14 

02 

.001 

46 

.14 

71 

.33 

27 

.13 

99 

.08 

03 

.02 

0.63 

0.005 

0.42 

.33 

.004 

.43 

.94 

.005 

.  009 

.64 

.07 

.03 

1.58 

.37 

.17 

.87 

.03 

.  006 

.  54 

.07 

.07 

5.87 

.60 

.16 

9.16 

.015 

.006 

Y  -  b^.b^X 

*lndicates  that  on  the  basis  of  the  data,  a  linear  relationship  exists  between  the  two 
variables  (t-test  done  at  the  95  percent  level). 
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DISCUSSION  AND  CONCLUSIONS 


The  data  presented  indicate  the  volumes  and  characteristics  of  logging  residue 
left  in  north  Idaho's  mixed  conifer  stands  following  sawlog  removal.   By  conventional 
sawlog  standards,  little  merchantable  residue  remained  on  either  site  after  logging. 
However,  the  material  that  was  left  offered  real,  although  varying  possibilities  for 
additional  product  recovery  and  residue  reduction.   The  study  produced  the  following 
conclusions: 

1.  Residues  left  on  site  after  conventional  sawlog  harvesting  vary  in  defect, 
condition  class,  and  individual  size  (table  2). 

2.  Initial  harvesting  of  other  products  may  reduce  the  need  for  relogging.   Re- 
moving pulpwood  of  conventional  standards  would  have  left  few  useable  residues  on  Danby 
Ridge  (table  3).   Conventional  removal  of  pulp  on  Lee  Creek  would  have  left  numerous 
small  pieces  of  potentially  useable  residue. 

3.  Stringent  utilization  standards  resulted  in  993  products  (mostly  pulpwood)  and 
5,291  net  cubic  feet  of  wood  fiber  being  removed  in  relogging  Danby  Ridge  (tables  4  and 
6).   Some  1,656  products  and  3,821  net  cubic  feet  were  removed  on  Lee  Creek. 

4.  A  cubic  foot  volume  comparison  of  post-sale  residue  and  post-relogging  residue 
larger  than  3  inches  (7.62  cm)  in  diameter  showed  a  59  percent  reduction  on  one  area 
and  a  44  percent  reduction  on  the  other. 

Although  further  study  is  needed  to  determine  the  most  efficient  equipment  for 
relogging,  the  following  factors  strongly  influence  production  rates: 

1.  As  with  conventional  harvesting,  machine  capacity  and  design  must  be  matched 
with  wood  size  and  character.   The  value  of  equipment  that  matches  residue  conditions 
is  best  shown  by  the  total  relogging  effort  on  the  study  areas.   The  tractor  on  Danby 
Ridge  required  44  hours  to  skid  632  pieces  (6,026  ft^  [171  m^])  an  average  one-way 
distance  of  70  feet  (21.34  m) .   The  rubber-tired  skidder  needed  only  22  hours  to  skid 
625  pieces  (3,062  ft^  [87  m^])  an  average  one-way  distance  of  204  feet  (62.18  m) . 
However,  due  to  the  larger  piece  size  on  Danby  Ridge,  on  a  per-hour  basis  approximately 
the  same  cubic  volume  was  skidded  on  both  areas. 

2.  Machines  designed  for  conventional  harvesting  operate  far  below  volume  capac- 
ity on  relogging  sites  where  numerous  small  pieces  of  wood  fiber  must  be  recovered. 

3.  Until  equipment  designed  for  relogging  is  readily  available,  cheap  multi- 
purpose equipment  appears  to  offer  the  most  practical  means  for  relogging. 
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Describes  the  condition  and  volumes  of  residues  following  conventional 
logging  of  two  mixed  conifer  stands  in  north  Idaho.  Presents  production  rates 
and  additional  products  recovered  in  relogging  to  more  stringent  than  normal 
utilization  standards. 

Relogging  of  conventionally  harvested  stands  offers  possibilities  for  addi- 
tional product  recovery  and  debris  reduction.  Comparisonof  volumes  of  residue 
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duction on  one  site  and  a  59  percent  reduction  on  the  other. 
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RESEARCH  SUMMARY 


A  live  fuel  moisture  model  has  been  developed  for  the  1978  National  Fire 
Danger  Rating  System  (NFDRS)  to  provide  more  analytical  and  consistent 
moisture  content  estimates  for  herbs,  shrubs,  and  grasses  than  was  available 
with  the  1972  NFDRS.    This  algorithm  replaces  the  herbaceous  vegetation 
transects  used  for  the  1972  NFDRS. 

Weather  parameters  are  used  to  calculate  moisture  estimates  for  annual 
or  perennial  herbaceous  plants  and  the  leaves  and  twigs  of  small  woody  shrubs. 
The  parameters  are  daily  observations  of  maximum  and  minimum  relative 
humidity,  maximum  and  minimum  temperature  and  hours  of  precipitation 
duration. 

Because  plants  adapted  to  different  environments  respond  differently  to 
rainfall  anomalies,  the  United  States  has  been  divided  into  four  climate  classes 
to  provide  a  selection  of  drying  rates  by  climate  type  (semiarid,  subhumid, 
humid,  wet).    This  permits  adjusting  seasonal  moisture  profiles  for  specific 
locations. 

The  amount  or  load  of  herbaceous  vegetation  is  transferred  between  the 
live  and  the  1-hour  time  lag  (dead)  fuel  category  as  a  function  of  the  live 
herbaceous  plant  moisture  content.    This  capability  utilizes  improvements  , 
in  the  mathematical  fire  spread  model  that  permits  Living  vegetation  to  act 
as  either  a  heat  sink  or  a  heat  source,  depending  on  whether  these  fuels  are 
ignited  in  the  fire  front. 
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INTRODUCTION 


The  specific  effect  of  living  herbaceous  plants  and  woody  shnil>s  on  fire  behavior- 
has  been  difficult  to  quantify  (Deeming  and  others  1972).   Intuitively  wo  liave  known 
that  live  fuels  intercept  some  of  tlie  radiant  and  convectivc  energy  from  a  fire,  thcrei)y 
interfering  with  the  preheating  of  adjacent,  unburned  fuel  elements.   That  is,  the  live 
fuels  act  as  a  heat  sink.   The  result  is  a  reduction  in  fire  intensity  and  forward  rate 
of  fire  spread. 

If  moisture  content  is  high  enough,  living  fuels  will  not  burn,  which  in  effect 
reduces  the  available  fuel  load.   However,  as  tl>e  moisture  content  of  the  living  fuels 
decreases,  at  some  point  these  fuels  can  be  desiccated  and  ignited  within  the  fktmiiig 
front,  effectively  increasing  the  available  fuel  load.   Ihe  live  fuels  are  then  no 
longer  a  heat  sink,  but  a  heat  source.   Depending  on  the  amount  of  live  material,  a 
rapid  and  often  significant  increase  in  fire  intensity  and  spread  can  occur  (fig.  I). 
Inclusion  of  these  live  fuel  moisture  effects  improves  the  seasonal  response  of  fire 
danger  ratings. 

Phenological  processes  define  the  general  moisture  profile  of  many  plant  species 
during  a  growing  season.   This  general  profile  is  modified  by  weather  conditions  to 
produce  a  specific  seasonal  moisture  profile.   Thus,  particularly  witli  respect  to  her- 
baceous fuels,  the  relative  severity  of  drought  can  combine  with  phenological  curinj', 
processes  to  produce  a  seasonal  decrease  in  the  live/dead  ratio.   From  a  fuels  stand- 
point, curing  of  herbs  and  forbs  affects  the  transfer  of  material  from  the  living  to 
the  1-hour  timelag  (1-h  TL)  class  in  addition  to  decreasing  tlie  moisture  content  of 
remaining  live  plants. 

The  1972  National  Fire  Danger  Rating  System  (NFDRS)  (Deeming  and  others  1972) 
partially  accounted  for  these  effects  by  using  subjective  estimates  for  tlie  condition 
of  two  classes  of  living  fuels: 

1.  Leaves  and  small  twigs  of  perennial  woody  shrubs 

2.  Herbaceous  plants. 

The  following  section  briefly  reviews  how  these  estimates  were  made  and  some 
problems  that  resulted. 


LIVE  FUEL  MOISTURE  ESTIMATION  -  1972  NFDRS 


Woody  Fuels 


Only  general  levels  of  moisture  in  the  twigs  and  foliage  of  living  woody  jilants 
were  considered  in  the  1972  NFDPS.   The  moisture  levels  varied  according  to  three  sub- 
jectively assigned  growth  stages,  (Deeming  and  others  1972)  hut  the  loading  of  live 
woody  fuels  remained  constant. 
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Figure  1. — This  example  for  Lihby,   Montana,    1973,    illustrates  the  fireline  intensity 
for  fuel  model  C  with  perennial  grass   (live/dead  ratio  0.5).      Intensity  decreased 
markedly  during  the  green-up  period  in  the  first  three  weeks  of  June,    then  increased 
again  as  the   live  herbaceous  fuel  moisture  decreased  during  the  summer. 


Herbaceous  Fuels 


Living  herbaceous  fuels  were  assumed  to  have  a  constant  moisture  content  in  the 
1972  NFDRS;  however,  the  proportion  of  living  herbaceous  fuel  varied.   Range  forage 
transects  were  used  to  estimate  percentage  of  the  fine  fuels  by  volume  that  consisted 
of  live  herbaceous  material.   There  were  several  disadvantages  with  this  subjective 
procedure: 

1.  Transect  location  was  critical.   Microtopography  produced  significant 
differences  in  conditions  between  transects  in  close  proximity. 

2.  Percent-green  estimates  made  by  different  observers  on  a  single  transect  were 
not  consistent. 


Important  changes  in  the  condition  of  herbaceous  fuels  were  not  necessarily 
observed  or  reported  at  appropriate  times. 


Fire  danger  ratings  were  particularly  sensitive  to  percent-green  estimates. 

Although  the  1972  NFDRS  would  res]iond  reasonalily  well  to  properly  reported  cliangcs 
in  live  fuel  conditions,  it  had  limitations. 

1.  Living  fuels  always  acted  as  a  heat  sink,  never  a  lieat  source. 

2.  A  constant  moisture  content  was  assumed  for  the  herhaceous  fuels,  hut  the 
live/dead  ratio  changed. 

3.  The  quantity  live  of  woody  fuels  was  held  constant,  hut  tlie  moisture  content 
changed  according  to  the  growth  stage  assigned. 

Thus,  living  woody  fuels  and  herbaceous  fuels  were  not  treated  similarly. 

Improvements  in  the  fire  model  used  in  the  1978  NFDRS  made  it  possible  to  treat 
live  fuels  more  realistically.   The  result  was  that  live  fuels  could  act  as  a  heat  sink 
or  as  a  heat  source.   The  live  fuels  became  a  heat  source  when  their  moisture  content 
became  so  low  that  they  could  be  desiccated  and  ignited  during  combustion  of  the  dead 
fuels.   However,  if  the  moisture  content  was  above  some  critical  level,  live  fuels 
would  not  burn,  but  rather  would  act  as  a  heat  sink  (Albini  1976). 

The  live  fuel  moisture  model  was  developed  to  provide  more  analytical  and  consist- 
ent estimates  of  live  fuel  moisture  at  a  time  when  capability  to  use  this  information 
had  improved. 


THE  LIVE  FUEL  MOISTURE  MODELS  -  1978  NFDRS 


The  live  fuel  moisture  model  was  developed  to  replace  the  herbaceous  vegetation 
transects  used  in  the  1972  NFDRS.   Although  it  is  not  rigorously  based  on  princi])les  of 
plant  physiology,  the  model  does  provide  a  broadscale  approximation  of  tlie  moisture 
content  of  living  herbaceous  plants,  leaves,  and  twigs  of  small  woody  shrubs. 

In  the  original  live  fuel  model  proposed  by  Rothermel,^  plant  moisture  was  deter- 
mined as  a  function  of  the  Keetch-Byram  Drought  Index.   However,  several  empirical 
factors  required  to  control  plant  response  to  drying  and  wetting  could  not  be  derived 
for  all  climates  of  the  United  States. 

During  development  of  the  197S  NFDRS,  we  noticed  the  1000-hour  timelag  (lOOO-h  Tk) 
fuel  moisture  developed  by  Fosberg  and  others'^  responded  to  wetting  and  drying  cycles 
similar  to  that  expected  for  the  live  fuels.   Thus,  with  some  modifications,  the 
lOOO-h  TL  fuel  moisture  now  serves  as  the  basic  meteorological  filter  for  calculating 
live  fuel  moistures. 

Plants  adapted  to  different  moisture  regimes  respond  differently  to  rainfall  anom- 
alies.  Those  adapted  to  a  moist  environment  will  lose  moisture  faster  during  drought 
than  those  from  a  dry  environment.   An  essential  feature  of  the  live  fuel  moisture  model 
used  in  the  1978  NFDRS  is  a  selection  of  drying  rates  by  climate  f'pe  or  class. 


^Rothermel,  Richard  C.  (n.d.)  Live  fuel  moisture  model.   Manuscript  in  prcjiarat ion. 
Northern  Forest  Fire  Laboratory,  Missoula,  Mont. 

^Fosberg,  Michael  A.,  Richard  C.  Rothermel,  and  Patricia  L.  Andrews,  (n.d.) 
Moisture  content  calculations  for  the  100-  and  lOOO-hour  timelag  fuels  in  fire  danger 
rating.   Manuscript  in  preparation.   Rocky  Mt .  i-'oi'.  and  Range  Fxp.  Stn.,  Fort  Collins, 
Colo . 
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The  United  States  can  be  divided  into  many  climatic  zones;  but  four  climate 
classes  were  enough  to  provide  the  broadscale  plant  moisture  responses  needed  for  rat- 
ing fire  danger.   These  four  climate  classes  were  adapted  from  Thornthwaite' s  earliest 
climate  classification  system  (Thornthwaite  1931).   His  arid  and  semiarid  provinces 
were  grouped  into  Climate  Class  1  because  the  true  desert  is  of  little  real  concern  to 
fire  management.   Also,  in  terms  of  fire  behavior,  the  subhumid  province  groups  better 
with  the  humid  province  than  with  the  dry,  subhumid  province.   The  climate  class  des- 
criptions, the  general  geographic  areas  to  which  they  apply,  and  the  vegetation  charac- 
teristic to  each,  are  provided  in  table  1.   Figure  2  shows  the  general  locations  to 
which  the  climate  classes  apply. 

Table  \ .--Climate  class  selection  guide^ 


NFDRS 

Thornthwaite'* 

climate 

humidity 

Characteristic   : 

class 

province 

vegetation    : 

Regions 

Arid 


Semiarid 


Desert  (sparse 
grass  and  scat- 
tered shrubs) 


Steppe  (short 
grass  and  shrubs) 


Sonoran  deserts  of  west  Texas,  New 
Mexico,  southwest  Arizona,  southern 
Nevada,  and  western  Utah;  and  the 
Mojave  Desert  of  California 

The  short  grass  prairies  of  the  Great 
Plains;  the  sagebrush  steppes  and 
pinyon/ juniper  woodlands  of  Wyoming, 
Montana,  Idaho,  Colorado,  Utah, 
Arizona,  Washington,  and  Oregon;  and 
the  grass  steppes  of  the  central 
valley  of  California 


Subhumid  (rain- 
fall deficient 
in  summer) 


Savanna  (grass- 
lands, dense 
brush  and  open 
conifer  forests) 


The  Alaskan  interior;  the  chaparral 
of  Colorado,  Arizona,  New  Mexico,  the 
Sierra  Nevada  foothills,  and  southern 
California;  oak  woodlands  of  Cali- 
fornia; ponderosa  pine  woodlands  of 
the  West;  and  mountain  valleys  (or 
parks)  of  the  Northern  and  Central 
Rockies 


Subhumid  (rain- 
fall adequate  in 
all  seasons) 


Savanna  (grass- 
lands and  open 
hardwood 
forests) 


Blue  stem  prairies  and  blue  stem- 
oak-hickory  savanna  of  Iowa, 
Missouri,  and  Illinois 


Humid 


Forests 


Almost  the  entire  Eastern  United 
States;  and  those  higher  elevations 
in  the  West  that  support  dense 
forests 


Wet 


Rain  forests 
(redwoods,  and 
spruce-cedar- 
hemlock) 


Coast  of  northern  California,  Oregon, 
Washington,  and  southeast  Alaska 


^Deeming  and  others  1977. 
"^Thornthwaite  1931. 
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Figure   2. — Map  of  the   United  States  showing  the  general   locations  of  the  NFDRS  climate 

classes    (Deeming  and  others   1977). 


Different  linear  drying  rates  are  defined  by  climate  class  for  annuals,  perenni- 
als, and  woody  plants.   But  within  a  particular  climate  class,  a  single  di'sin;;  rate  is 
assumed  for  live  woody  plants  throughout  a  growing  season.   For  live  herbaceous  plants, 
drying  occurs  in  two  stages--green  stage  when  the  herbaceous  moisture  is  above  IJO 
percent,  and  transition  stage  for  moistures  between  120  percent  and  Sn  percent.   In  the 
green  stage,  both  annuals  and  perennials  dry  at  the  same  rate.   But  in  the  transition 
stage,  the  drying  rate  is  faster  for  annuals  than  for  perennials. 


To  define  the  drying  rates,  the  endpoints  of  the  drying  curves  were  required. 
Weather  data  from  several  locations  within  each  climate  class  were  used  to  plot  sea- 
sonal 1000-h  TL  fuel  moisture  profiles.   Then  typical  plant  moistures  for  each  climate 
class  and  vegetation  type  (woody,  annual,  perennial)  were  matched  with  these  profiles. 
Because  measurements  of  seasonal  moisture  variation  in  woody  and  herbaceous  plants  were 
not  generally  available  from  different  parts  of  the  United  States,  the  live  fuel  model 
was  calibrated  to  produce  reasonable  moisture  values.   Performance  objectives  are  shown 
in  table  2. 

Table  2. --Minimum  moisture  content  for  live  fuels 


Type  of          : 

Grasses 

and 

forbs 

:           Shrubs,    twigs. 

season          : 

Annuals 

Perennials 

:               and  foliage 

TD^jvt^^vi  .- 

Wet 

(Late  cure) 

>80 

>110 

Normal 

<30 
(Normal   cure] 

50-80 

80-100 

Dry 

<30 
(Early  cure) 

<50 

50-80 

The  highest  live  fuel  moistures  were  defined  to  be  250  percent  for  the  herbaceous 
fuels  and  200  percent  for  the  live  woody  shrubs  at  a  25  percent  1000-h  TL  fuel  moisture. 
At  the  lower  end  of  the  moisture  scale,  herbaceous  plants  were  considered  cured  at  30 
percent  moisture  content  and  woody  plants  dead  or  dormant  if  their  moisture  content 
dropped  to  50  percent.   The  minimum  woody  and  herbaceous  moistures  were  matched  with 
typical  minimum  1000-h  TL  moistures  and  XIOOO  values,  respectively,  for  each  climate 
class.   The  slopes  and  intercepts  of  the  drying  curves  for  each  climate  class  are  pro- 
vided in  table  3. 

The  live  fuel  moisture  algorithm  gives  the  fuel  models  a  dynamic  character  by 
simulating  the  curing  of  the  herbaceous  fuels.   This  is  accomplished  by  transferring 
fuel  load  from  the  live  herbaceous  class  to  the  1-h  TL  class  as  herbaceous  fuel  moisture 
drops  below  120  percent  during  the  growing  season. 


Table  i. --Slopes  and  interoepts  for  the  drying  rates  of  the  live  fuel  models 


Woody   Fuels 

Herbaceous   Fuels 

Annuals   and   Perennials    : 

Annuals 

:                   Perennials 

CI imate 

Green   Stage                 : 

Transition   Stage 

:          Transition   Stage 

Class 

Slope      :        Intercept 

Slope        :      Intercept        : 

Slope          :        Intercept 

:      Slope        :        Intercept 

1 

7.5 

12.5 

12.8 

-70.0 

18.4 

-150.5 

7.4 

11.2 

2 

8.2 

-5.0 

14.0 

-100.0 

19.6 

-187.7 

8.3 

-10.3 

3 

8.9 

-22.5 

15.5 

-137.5 

22.0 

-245.2 

9.8 

-42.7 

4 

9.8 

-45.0 

17.4 

-185.0 

24.3 

-305.2 

12.2 

-93.5 

General  Model  Development 


Rothermel ^  provided  the  empirical  data  used  for  development  and  initial  testing 
of  the  live  fuel  moisture  model.   He  used  the  xylene  distillation  technique  of  determin- 
ing moisture  content  to  construct  profiles  of  herbaceous  and  woody  plants  near  Missoula, 
Mont.,  during  the  1975  and  1976  fire  seasons.   The  live  fuel  model  was  initially  devel- 
oped to  emulate  these  moisture  profiles,  then  adjusted  to  produce  reasonatile  moisture 
profiles  for  the  remainder  of  the  United  States. 


Herbaceous  Fuel  Moisture 


Moisture  Computations   -   The  live  herbaceous  fuel  moisture  (HFM)  is  a  function  of 
a  modified  1000-h  TL  fuel  moisture  called  the  XIOOO  value,  which  is  a  function  of  the 
daily  change  in  the  1000-h  TL  fuel  moisture.   The  original  effort  to  relate  herbaceous 
fuel  moisture  directly  to  the  lOOC-h  TL  fuel  moisture  proved  reasonable  during  periods 
of  drying,  but  it  produced  excessive  herbaceous  fuel  moisture  recovery  during  periods 
of  precipitation.  Therefore,  the  XIOOO  value  was  designed  to  decrease  at  the  same  rate 
as  the  lOOO-h  TL  fuel  moisture,  but  have  a  slower  rate  of  increase. 

During  the  growing  season  the  XIOOO  value  is  calculated  as: 

XIOOO  =  YXIOOO  +  K|K2(AMC1000) 

where:     YXIOOO  =  yesterday's  XIOOO  fuel  moisture 

Kj  =  drying  or  wetting  factor 

K2  =  temperature  factor 

AMCIOOO  =  24  hour  change  in  the  lOOO-h  TL  fuel  moisture 

If  AMCIOOO  <-0(drying1  Kj  =  1 

If  AMCIOOO  >^0  (wetting)  Kj  =  0.0333X  +  0.1675  subject  to 

0.5  ^  K)  <_  1.0 

If  average  temperature  >50°F  (10°C)  Kt  =  1.0 

If  average  temperature  <50°F  (10°C)  K2  =  0.6 

Ki  limits  the  increase  in  herbaceous  fuel  moisture  due  to  precipitation.   It  is 
scaled  to  allow  the  XIOOO  value  to  respond  the  same  as  the  1000-h  TL  fuel  moisture  when 
the  1000-h  TL  fuel  moisture  is  25  percent  or  more. 

K2  reduces  the  response  of  the  XIOOO  value  to  compensate  for  :'.lower  physiological 
processes  in  plants  during  cool  weather.   Figure  3  compares  the  lOOO-h  TL  moistures  with 
the  XIOOO  value. 

Prior  to  spring  greenup,  the  herbaceous  fuel  is  assumed  to  be  completely  cured,  so 
the  herbaceous  fuel  moisture  (HFM)  is  equal  to  the  1-h  TL  fuel  moisture. 
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Figure  3. — Comparison  of  the  XIOOO  value  with  the  1000-h  TL  fuel  moisture  computed  from 
weather  data  recorded  at  Libby,  Mont.  1972.  Hours  of  precipitation  for  the  four  sig- 
nificant rainfall  events  are  indicated. 

During  spring  greenup,  the  live  herbaceous  fuel  moisture  increases  gradually  from 
the  1-h  TL  fuel  moisture.   A  gradual  greenup  was  built  into  the  live  fuel  model  at 
the  request  of  users  in  the  Eastern  United  States  who  feared  that  the  "instantaneous" 
greenup  originally  proposed  would  not  properly  reflect  the  transition  from  high  fire 
danger  in  early  spring  to  low  fire  danger  in  summer.   The  length  of  the  greenup  period 
varies  from  7  days  for  climate  class  1,  to  28  days  for  climate  class  4.   The  length  of 
the  greenup  was  scaled  to  the  climate  class  because  plants  growing  in  drier  climates 
typically  respond  quicker  to  favorable  growing  conditions  than  do  plants  in  wetter 
climates. 

When  a  spring  flush  of  growth  becomes  generally  apparent,  the  user  specifies  the 
beginning  of  greenup.  Then  the  herbaceous  fuel  moisture  is  calculated  according  to 
the  equation: 


where: 


HFM  =  FMl  +    [(HERBGA   +   HERBGB   *    XIOOO)    -    FMl]    *   GREN 

HERBGA,  -,  •   .   J     J     .  J   ,    ^ 

HFRRPR  ~  climate  dependent  intercept  and  slope  for  annuals 

or  perennials  from  table  .3 

XIOOO  =  XIOOO  value 

GREN  =  fraction  of  the  greenup  period  that  has  elapsed. 

FMl  =  moisture  content  of  the  1-h  TL  fuel. 


If  a  second  greenup  occurs  during  a  growing  season,  the  XIOOO  value  is  again  set 
equal  to  the  1000-h  TL  fuel  moisture,  and  the  same  greenup  procedure  is  folli^wed,  ex- 
cept the  herbaceous  moisture  increases  from  its  current  value  insteatl  ol"  tin-  1-h  Tl,  l-M. 

After  the  greenup  period  is  complete,  (CRF.N  =  l.d)  the  herbaceous  fuel  moisture 
is  calculated  from: 

HFM  =  IIERBGA  +  IIHRBGB  *  XKJOO 

until  the  user  specifies  that  the  herbaceous  vegetation  has  cured  phenolo;', ica  1  ly ,  or 
frozen.^  Then  the  herbaceous  fuel  moisture  is  again  equal  to  the  1-h  TL  fuel  moisture. 

Figure  4  illustrates  the  relationship  between  the  XIOOO  value  and  the  annual  and 
perennial  herbaceous  moistures. 
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Figure   4.— An  example  of  the  relationship  between  the  XIOOO   VALUE,   and  calculated  rnots- 
tia-e  content  of  annual  and  perennial  Iterbaceous  plants.     All  herbaceous  moisture 
follows   the   1-h  TL  fuel  moisture  before  green-up  and  after  curing  or  freezing. 


^"Green,  cured"  and  "frozen"  are  always  specified  manually  by  AFFIRMS  users.   But 
in  FIRDAT,  which  is  used  to  process  historical  data,  the  user  defines  a  date  after  which 
a  freeze  is  possible.   The  specific  date  of  the  freeze  is  defined  by  one  of  two  "freezing' 

criteria:  _  o  •   o  . 

1.  Five  days  (nonconsecutive)  with  a  minimum  temperature  £  ^l    V    (0  CJ 

2.  One  minimum  temperature  <_  25°F  (-4°C) 


Transfer  of  Fuel  Between  Live  and  Dead  Categories   -  All  the  herbaceous  fuel  load 
is  included  in  the  1-h  TL  fuel  load  before  greenup.   During  greenup,  the  live  herbaceous 
fuel  load  is  transferred  from  the  1-h  TL  to  the  live  fuel  category  as  the  herbaceous 
moisture  increases  from  30  percent  to  120  percent.   The  herbaceous  fuel  load  is  at  its 
maximum  and  the  1-h  TL  fuel  load  at  its  minimum  when  the  herbaceous  moisture  is  greater 
than  120  percent. 

As  herbaceous  plant  moisture  decreases  later  in  the  growing  season,  the  load  of 
perennial   herbaceous  fuels  is  shifted  between  the  live  and  dead  fuel  categories  as  its 
moisture  varies  between  120  percent  and  30  percent.   This  is  the  transition  stage;  120 
percent  is  an  approximate  value,  serving  as  the  upper  limit  for  transition  because  it 
roughly  defines  the  moisture  content  at  which  new  growth  is  complete  and  the  foliage 
is  mature.   Thirty  percent  was  defined  as  the  minimum  moisture  for  transition  because 
that  is  the  approximate  fiber  saturation  point,  below  which  herbaceous  plants  are 
assumed  to  be  dead. 

For  annual  herbaceous  plants,  the  process  differs  slightly.  After  greenup,  the 
moisture  content  of  annuals  is  not  allowed  to  increase,  so  the  fuel  load  for  annuals 
then  transfers  from  the  live  category  to  the  dead  category;  never  in  the  reverse  direc- 
tion as  allowed  with  perennials.  At  30  percent  moisture  content,  all  the  herbaceous 
fuels  have  been  added  back  into  the  1-h  TL  class,  i.e.,  after  phenological  curing  or 
after  a  freeze  in  the  fall. 


The  fuel  load  transfer  equations  are: 

WIDP  =  WID  +  WHERE  *  FCC 

WHERBC  =  WHERE  *  (1.0  -  FCC) 

where:     FCC  =  -0.111  *  HFM  +  1.33  and  0  £  FCC  ^1.0 

and       WIDP  =  total  load  of  1-h  TL  fuel,  including  dead  herbaceous  fuel  transferred 
to  the  1-h  TL  category 

WID  =  load  of  the  1-h  TL  fuel  before  inclusion  of  any  cured  herbaceous 
material 

WHERE  =  total  load  of  herbaceous  fuel 

FCC  =  fraction  of  the  herbaceous  fuel  that  is  to  be  transferred  to  the  1-h 
TL  class 

WHERBC  =  load  of  herbaceous  fuel  that  is  still  green 

HFM  =  herbaceous  fuel  moisture 

Figure  5  shows  herbaceous  fuel  load  changes  in  relation  to  moisture  content 
changes. 


10 


LIVE   FUEL  MODEL 

HERBACEOUS  FUEL  LOAD  CHANGES  IN  RELATION 
TO  PLANT  MOISTURE  CONTENT  CHANGES 
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Figure  6. — Herbaceous  fuel   load  arianger,  between   living  and  1-h  TL  categories   in 
relation   to  herbaceous  moisture  content. 
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Figures  6  and  7  illustrate  examples  of  the  transfer  of  fuel  between  the  live  and 
dead  categories  for  perennial  and  annual  grasses.   Typically,  herbaceous  moisture  will 
be  somewhere  near  250  percent  at  the  completion  of  greenup.   But  these  examples  illus- 
trate that  given  a  dry  spring  or  late  greenup,  the  herbaceous  moisture  will  peak  at  a 
lower  value. 


fuel  load  zero 

Green-up- 


JULY  AUG. 

Herbaceous  moisture  less  than  120° 


ive  fuel  load  variable 


\  \,  Herbaceous  moisture  greater  than  120%  , 

\  live  fuel  load  maximum 

Herbaceous  moisture  greater  than  30 7o,  live  fuel  load  increasing 


Freeze,  live 
load  zero  again 


Figure  6  . — The  moisture  content  of  live  plants  controls   the   transfer  of  fuel   load  be- 
tween dead   (1-h  TL)   and  live  herbaceous  categories.      The   slove  assiqned  to  -perennials 
prevents  a  complete   transfer  of  fuel   load  from   live   to  the   1-h  TL  category  until  a 
freeze  occurs. 
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Figure   7. — After  greenup  is  complete,    the  fast  drying  rate  assigned  to  annuals   results 
in  a  rapid  transfer  of  fuel    load  from  the   live  herbaceous   to   the    ]-h  TL  category. 


Woody  Fuel  Moisture  Model 


Prior  to  greenup  in  the  spring,  woody  shrubs  are  assumed  to  bo  dormant,  so  the 
woodv  fuel  moisture  (WFM)  is  held  constant.   Measurements  of  chamise  leaf  moisture  m 
southern  California  (Dell  and  Philpot  1965)  indicate  minimum  values  for  woody  plants 
in  climate  class  2  i.=  about  GO  percent.   Likewise,  measurements  in  the  southeast 
(Blackmarr  and  Planner  1968)  suggest  a  minimum  woody  moisture  of  70  percent  tor  climate 
class  3.   So  depending  on  the  climate  class,  pregrecn  Wi-'M  values  are  defined  as  .SO,  (-0, 
70,  or  80  for  climate  classes  1,  2,  3 ,  or  4  respectively.   Durin.i;  spring  greenup,  woody 
moisture  gradually  increases  from  the  pregreen  minimum  accordini;  to  tlie  eciiiation: 
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WFM  =  PREGRN  +  [ (WOODA  +  WOODB  *  MClOOO)  -  PREGRN]   *  GREN 
where:   PREGRN  =  pregreen  minimum  moisture 
WUODA , 


WOODB 


=  climate  dependent  intercept   and  slope  from  table  3 


MClOOO  =  1000-h  TL  fuel  moisture 

GREN   =  fraction  of  the  greening-up  period  that  has  elapsed 

If  a  second  green-up  occurs  during  a  growing  season,  the  woody  fuel  moisture  in- 
creases from  its  current  value  instead  of  from  the  pregreen  value. 

After  greenup  is  complete,  (GREN  =1.0)  the  woody  fuel  moisture  is  calculated  from: 

WFM  =  WUUDA  +  WOODB  *  MClOOO 

until  the  shrubs  become  dormant.   At  that  time  the  woody  fuel  moisture  is  set  back  to 
the  minimum  value  specified  by  the  climate  class.   Figure  8  illustrates  a  typical  woody 
fuel  moisture  profile  and  its  relation  to  the  lOOO-h  TL  fuel  moisture. 
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Figure   8.— Typical  woody  fuel  moisture  profile  and  its  relation  to  the 

1000-h  TL  fuel  moisture. 
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APPLICATION  OF  THE  LIVE  FUEL  MOISTURE  MODEL 


To  applv  the  live  fuel  model,  the  following  condithins  must  be  met: 

(1)  Weather  observations  must  be  started  3  to  4  week;.  |)rior  to  the  onset  of 
greenup.   This  assures  that  the  l()()()-h  Tb  fuel  moisture  has  stabilised 
at  a  reasonable  value  for  current  weathei"  conditions. 

(2)  Greenup  must  be  defined  at  the  proper  time 

(3)  ilcrbaceous  ]ilants  must  be  correctly  designated  as  annuals  or  perennials. 

(4)  Climate  class  must  be  selected.   Ihe  climate  class  should  be  selecteil 
for  the  location  of  the  weather  station.   The  choice  of  climate  classes 
compensates  for  a  lack  of  local  live  fuel  moisture  data. 

The  user  has  the  capability  to  "tunc"  the  live  fuel  model  to  jiroduce  live  woody  and 
herbaceous  moisture  profiles  that  are  reasonable  for  his  area.   This  can  be  done  I)}' 
designating  herbaceous  plants  as  annuals  or  perennials,  and  selecting  the  proper 
climate  class. 

Selection  of  Amiual  or  Perennial   Designation  for  Herbs  and  Forbs   -   Although  tiie 
moisture  content  of  annuals  does  not  increase  after  greenup  is  complete,  the  live  fuel 
model  does  assign  the  same  drying   rate  to  both  annuals  and  perennials  at  moisture  con- 
tents above  120  percent.   During  transition  (HFM  between  120  percent  and  30  percent); 
however,  annuals  dry  at  a  much  faster  rate  than  perennials.   Thus,  the  live  fuel  model 
typically  indicates  a  curing  of  annuals  sometime  during  the  summer  season,  but  peren- 
nials do  not  cure  until  a  freeze  occurs.   The  annual  designation  should  be  used  only 
if  more   than  fialf   of  the  herbaceous  plants  are  annuals. 

Selection  of  Climate   Class   -   The  user  can  affect  live  fuel  moisture  estimations 
through  his  selection  of  climate  class.   The  effect  of  climate  class  selection  on  the 
moisture  profile  for  perennial  herbaceous  grass  is  shown  in  figure  y.   Climate  class  3 
is  the  proper  selection  for  this  data  set.   Normally,  it  is  useful  to  test  onl>'  one 
climate  class  above  or  below  the  one  that  is  estimated  to  be  a])]iropriate  for  a  partic- 
ular fire  weather  station. 

These  controls  provide  the  user  with  a  great  deal  of  flexibility  to  "tunc"  the 
live  fuel  model  until  it  provides  realistic  moisture  profiles  for  his  area. 
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Figure  9. --Given  the  same  weather,   faster  drying  rates  for  higher  numbered  climate 
classes  produce   lower  live  fuel  moistures  for  perennial  herbaceous  plants.      Similar 
results  would  be  obtained  for  annuals,   with  climate  class   4  producing  the  earliest 
date  of  curing.      Climate  class   S  was   the  correct  choice  for  this  station. 
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RESEARCH  SUMMARY 


Stem  analyses  of  singleaf  pinyon  {pinus  monophyZla)   indicate  that 
height  growth  rates  of  dominants  and  codominants  are  little  affected  by 
age  or  competition.  Each  tree  grows  in  height  at  an  essentially  constant 
rate  throughout  most  of  its  life,  but  height  growth  rates  vary  considerable 
among  dominant  trees  on  the  same  site.  This  variation  is  probably  because 
of  genetic  differences.  Diameter  growth  rate  appears  to  be  unaffected  by 
age  but  is  sensitive  to  competition.  Stand  basal  area  increases  at  an  ex- 
ponential rate  until  the  understory  shrubs  are  suppressed;  then  the  rate  of 
stand  basal  area  increase  becomes  relatively  constant.  Stand  biomass 
accumulation  rates  follow  a  similar  pattern,  tending  to  become  constant  after 
the  understory  shrubs  have  been  suppressed. 
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INTRODUCTION 


The  singleleaf  pinyon  {Pinus  monophijlla) -Utah   juniper  (Juniperus  ooteoapenva) 
woodland  of  the  Great  Basin  has  had  a  long  history  of  use;  but  because  cf  the  noncom- 
mercial status  of  the  two  species,  there  has  been  little  research  on  their  silvical 
characteristics.   Reveal  (1944)  reported  on  the  stand  and  tree  characteristics  of 
singleleaf  pinyon  and  Utah  juniper  in  the  Pine  Nut  Range  in  western  Nevada.   Herman 
(1953,  1956)  studied  the  phenology  and  growth  characteristics  of  Utah  juniper  in  central 
Arizona.   Daniel  and  others  (1966)  made  an  extensive  study  of  jiinyon- junijier  woodlands 
in  Utah,  Arizona,  northwestern  New  Mexico,  western  Colorado,  and  eastern  Nevada,  but 
they  dealt  lightly  with  tree  growth  rates. 

Other  species  of  pinyon  and  juniper  have  received  more  attention  than  singleleaf 
pinyon  and  Utah  juniper.   Howell  (1940)  studied  the  growth  and  yield  of  Colorado  pinyon 
(^Pinus  edulis) ,    one-seed  juniper  {Juniperus  monosperma)  ,    and  Rocky  Mountain  juniper 
(J.    SGopulorum)    in  New  Mexico  and  Arizona.   The  silvical  characteristics  of  Colorado 
pinyon,  Rocky  Mountain  juniper,  and  western  juniper  {J.    oaaidentalis)    were  summarized 
in  Agricultural  Handbook  No.  271  (Powells  1965). 

As  the  demand  for  firewood  and  other  pinyon- juniper  products  continues  to  increase, 
the  harvesting  of  these  trees  can  be  expected  to  increase  dramatically,  and  more  spec- 
ific information  will  be  needed  for  productive  management  of  pinyon- juniper  woodlands. 
In  1977,  we  began  a  study  to  obtain  silvical  information  on  singleleaf  pinyon  and  Utah 
juniper.  A  secondary  objective  of  the  study  has  been  to  obtain  data  on  intensively 
measured  plots  to  provide  standards  for  checking  the  accuracy  of  sampling  methods  that 
have  been  or  will  be  developed  for  studying  or  inventorying  pinyon- juniper  stands. 

This  paper  contains  the  results  of  the  first  year  of  study  in  a  predominantly 
pinyon  woodland  in  the  Sweetwater  Mountains  along  the  California-Nevada  border.   Single- 
leaf  pinyon  growing  in  these  mountains  were  studied  to  determine  their  rates  of  height 
and  diameter  growth  in  relation  to  tree  age  and  competitive  position,  the  basal  area 
increment  patterns  of  these  pinyon  stands,  and  the  rates  of  wood,  foliage,  and  above- 
ground  biomass  increments  of  both  individual  trees  and  stands.   Similar  data  will  be 
obtained  on  other  pinyon- juniper  woodlands  in  the  Great  Basin  during  the  course  of  this 
project. 


STUDY  AREA  AND  PLOT  DESCRIPTIONS 


This  study  was  made  in  a  pinyon  firewood  sale  area  on  the  Bridgeport  Ranger 
District,  Toiyabe  National  Forest.   The  area  is  approximately  12  miles  north  of  Bridge- 
port, California,  between  Green  Creek  and  Frying  Pan  Creek  on  the  east  slope  of  the 
Sweetwater  Mountains.   Three  plots--Green  Creek,  Cattle  Trough,  and  Monte  Cristo--were 
established  in  the  study  area;  the  aspect,  slope,  elevation,  and  percentage  of  over- 
story  cover  of  each  plot  are  presented  in  table  1.   All  three  plots  are  on  stonv  soils 
derived  from  rhyolitic  colluvium.   The  stands  at  Green  Creek  were  younger  than  those 
at  Cattle  Trough,  but  the  oldest  trees  were  found  at  Monte  Cristo  (table  2). 

There  has  been  a  great  deal  of  mining  activity  in  the  Sweetwater  area  and  most  of 
the  stands  are  second-growth,  dating  from  cuttings  that  furnished  fuel  and  timber  to 
the  miners  in  the  early  1860's  (Wilson  1941).   The  absence  of  stumi)s  in  the  area  raises 
some  question  as  to  the  past  cutting,  but  Lord  (1883)  reported  that  Cliincsc  laborers 
followed  the  woodcutters,  pulling  up  the  stumps,  roots,  and  shrubs  from  the  cutover 
hills. 


Table  I  .--Aspect^   slope,   elevation,   and  overstory  cover  of  the  Sweetu)ater  plots 


Plot  name 


Aspect 


Slope 


Elevation 


Overstory 
cover 


Percent 


Meters 


Percen t 


Green  Creek 
Cattle  Trough 
Monte  Cristo 


N80°E 
N40°E 
S60°E 


5 
20 
15 


2200 
2100 
2300 


49 
64 
60 


Table  2. --Age  distribution  of  trees  more  than  1  m  tall  on  the  Sweetwater  plots 


Age  class 
(Years) 


Green  Creek 


Cattle  Trough 


Monte  Cristo 


41-  50 
51-  60 
61-  70 
71-  80 
81-  90 
91-100 


10 
7 
9 
2 


101-110 
111-120 
121-130 
131-140 
141-150 

151-160 
161-170 
171-180 
181-190 
191-200 


241-250 
251-260 
261-270 

431-440 


All  trees 


35 


64 


34 


Each  plot  is  30  m  square  with  an  area  of  900  m"  {0.22   acrel.   All  plot  trees  are 
singleleaf  pinyon;  a  few  juniper  [Juniperus  ostcospevma]    are  in  the  study  area  Init  none 
are  on  or  near  the  plots.   Several  Jeffrey  pine  (PtnuG  jeffi-eaL)    are  m  tlie  vicinity  o\' 
the  highest  plot  (Monte  Cristo) ,  but  none  are  on  or  immediately  adjacent  to  tlie  plot. 

Closed  stands  were  deliberately  chosen  so  that  the  influence  of  understory  vegeta- 
tion on  tree  growth  would  be  negligible.   The  understory  was  sjiarse  and  of  low  vigor, 
especially  on  the  lower  two  plots.   l-phedra  {Ephedra   viyidii-/)  ,    lii  ttcrhrusli  {Puychia 
tridentata)  ,    and  mountain  mahogany  {Ceraooai^>us   ledij'olius)    were  the  i^rincipal  under- 
story species  on  the  Monte  Cristo  plot.   Sagebrush  {Artemisia   tvidentata)    and  gooseberr\' 
{Ribes  velutiyium)    were  the  principal  understory  species  on  the  other  two  jjlots. 

METHODS 

The  boundaries  of  the  30  m  by  30  m  plots  were  laid  out  with  staff  compass  and  tape. 
Control  lines  at  5  m  intervals  parallel  to  the  lower  boundary  were  used  in  tlie  iiiappin.s:; 
of  tree  stem  locations  and  crown  outlines.   The  foliage  class  of  all  trees  taller  than 
1  m  was  estimated  on  a  scale  of  1  to  9.   A  vigorous  tree  with  dense  foliage  on  all  sides 
was  rated  9,  and  a  tree  with  very  sparse  foliage  was  rated  1. 

All  trees  taller  than  1  m  were  felled  and  their  total  heiglit  (including  stump)  was 
measured  with  a  tape.   Stump  height  was  about  15  cm  for  all  but  a  few  trees  that  could 
not  be  cut  at  that  height  because  of  large  limbs  or  other  irregularities. 

From  6  to  9  trees  on  each  plot,  representative  of  the  range  in  stumj)  diameters, 
were  selected  for  weighing.   Each  of  these  trees  was  separated  into  four  comjionents 
that  were  weighed  with  a  load  cell  on  a  boom  motmted  on  a  piclcup  truck.   The  four  com- 
ponents were: 

1)  live  material  larger  that  76  mm  diameter  outside  bark  (d.o.h.), 

2)  live  material  25  to  76  mm  d.o.b., 

3)  foliage  and  other  live  material  smaller  that  25  mm  d.o.l)., 

4)  deadwood. 

The  relative  proportions  of  foliage,  twigs  less  than  6.4  mm  d.o.b.,  and  branches 
6.4  to  25  mm  were  determined  by  subsarapling  about  10  percent  of  the  -25  mm  component. 
Cross-sectional  disks  were  taken  of  each  of  the  components  and,  along  with  samples  of 
foliage  and  twigs,   were  analyzed  in  the  laboratory  for  moisture  content  and  bark  ]ier- 
centage.   These  data  were  used  to  calculate  ovendry  mass  of  foliage,  ovendry  mass  of 
wood  larger  than  76  mm,  and  total  aboveground  ovendry  biomass  in  eacli  tree. 

On  the  weighed  trees,  stem  sections  were  taken  at  stump  height  and  at  apjiroxiniat ely 
1-m  intervals  on  the  dominant  stem  up  to  a  3-cm  diameter  on  the  dominant  leader.   On 
the  unweighed  trees,  stem  sections  were  taken  at  the  stump,  at  3  cm  on  tin-  ilominant 
leader,  and  at  one  or  two  intermediate  points  on  the  dominant  stem.   I'hc  annual  rings 
on  all  of  these  sections  were  counted  and  height-age  curves  were  jilotted  for  each  tree. 
These  curves  were  extrapolated  to  ground  level  to  estimate  tree  age,  and  interjiolated 
to  determine  past  height  at  any  particular  time.   false  rings  and  missing  rings  are 
known  to  occur  in  pinyon  and  can  make  age  determinations  difficult,  but  comjiarisons  of 
ring  width  patterns  among  trees  and  with  Bridgeport  precipitation  data  failed  to 
indicate  either  false  or  missing  rings  in  the  trees  on  the  Sweetwater  plots. 

Stump  diameters,  both  inside-  and  outside-bark,  were  measured  with  a  diameter  tape. 
If  there  was  more  than  one  stem  at  stump  height,  the  diameter  of  each  stem  was  measured 
and  the  equivalent  stump  diameter  was  calculated  by: 


^     ^       n  ■ 


(eq.  1) 


in  which  D  is  the  equivalent  diameter  and  the  subscripted  D's  are  individual  stem  dia- 
meters. 

Since  pinyon  butt  cross- sections  are  usually  out  of  round  and  the  width  of  each 
annual  ring  is  rarely  uniform,  it  was  necessary  to  develop  special  procedures  to  de- 
termine past  diameters.   Each  stump  cross-sectional  disk  was  inspected  and  a  line  was 
drawn  on  the  radial  that  appeared  to  best  represent  the  growth  pattern.   Ring  widths 
were  measured  to  the  nearest  0.1  mm  along  this  line.   The  stump  diameter  (outside  bark) 
at  any  particular  time  in  the  past  was  calculated  by: 


D.  = 


D  Ir. 
P  t  ^ 


t     Ir. 

P   "-  (eq.  2) 

in  which  D  is  past  diameter  (outside  bark)  at  any  time  t,  D  is  present  diameter  (out- 
side bark),  Er,;  is  the  sum  of  the  ring  widths  from  the  pith  to  time  t,  and  Zr-i   is  the 

t  P 

sum  of  all  ring  widths  along  the  radial  line  on  the  section.  This  equation  corrects 

for  changing  bark  thickness  and  for  systematic  errors  in  the  measurement  procedure. 

Foliage,  wood  larger  than  76  mm  diameter,  and  total  aboveground  biomass  of  all 
unweighed  trees  were  calculated  using  regression  equations  developed  from  data  obtained 
in  a  companion  study ^.   These  equations  are  based  on  68  pinyon  trees,  18  of  which  are 
weighed  trees  from  the  Sweetwater  plots.   The  remaining  50  are  from  13  study  sites 
throughout  Nevada.   Input  variables  include  stump  diameter,  crown  diameter,  height,  and 
foliage  class.   These  equations  are  presented  in  appendix  1. 

Past  biomasses  (foliage,  wood,  and  total)  of  each  tree  were  estimated  for  each 
decade  from  1860  to  1970,  and  for  1965  and  1975.   These  biomasses  were  calculated 
using  regression  equations  that  expressed  past  biomass  as  a  function  of  present  biomass 
and  past  height,  diameter,  and  age.   These  equations,  which  were  also  derived  from 
data  obtained  in  the  companion  study,  are  presented  in  appendix  II. 

Basal  area  per  hectare  and  biomass  per  hectare  for  each  plot  through  time  were 
calculated  by  adding  the  values  for  the  individual  trees  and  dividing  the  sum  by  the 
plot  area  (0.09  ha) . 

RESULTS  AND  DISCUSSION 


Comparisons  of  tree  sizes,  ages,  and  diameter  growth  rates  (appendix  III)  with 
their  relative  locations  (figs.  1,  2,  and  3)  indicate  varying  degrees  of  competition 
among  trees  and  suppression  of  the  smaller  trees.   This  paper  will  deal  primarily  with 
the  growth  of  dominant  and  codominant  trees  and  with  the  growth  of  stands,  postponing 
a  more  detailed  discussion  of  competition  to  another  paper  after  more  data  have  been 
acquired. 


Miller,  E.  L.,  J.  D.  Budy,  and  R.  0.  Meeuwig.   Biomass  of  singleleaf  pinyon  and 
Utah  juniper  (manuscript  in  preparation). 


Figure  1. — Map  of  crown  outlines  and  stump  centers  on  the  Green  Creek  plot 
taller  thin  1  m  are  numbered.      The  heights  of  the  unnumbered  trees  are  no  tec 
map  in  decimeters   (dm). 


irce; 

2  on    the 


Figure  2.— Map  of  crown  outlines  and  stump  centers  on  the  Cattle  Trough  plot.     All 
trees  taller  than  1  m  are  numbered.      The  heights  of  the  unnumbered  trees  are  noted  on 
the  map  in  decimeters    (dm). 


Figure   3. --Map  of  crown  outlines  and  sturni'  centers  on   the  Monte   Cristo  plot.      All    trees 
taller  than  1  m  are  nimibered.      The  heights  of  the  unnumbered  trees  are  noted  on  the 
map  in  decimeters   (dm). 
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Height 


Tree  heights  of  several  dominants  and  codominants  on  each  plot  are  shown  through 
time  in  figures  4,  5,  and  6.   Each  dot  represents  a  measurement  of  a  cross-sectional 
disk.   The  dots  are  connected  by  straight  lines  for  simplicity.   Few  of  these  curves 
approximate  the  conventional  S-curve,  in  which  height  growth  increases  initially  and 
then  tends  to  decrease  as  the  tree  matures.   Most  of  the  trees  have  had  fairly  constant 
height  growth  rates  throughout  their  lives  with  a  tendency  for  slightly  lower  initial 
growth  rate.   None  appear  to  be  approaching  culmination  of  height  growth.   Tree  #27  at 
Green  Creek  (fig.  4)  and  tree  #32  on  the  Cattle  Trough  plot  (fig.  5)  come  the  closest 
to  the  conventional  S-curve  but  #27  is  still  a  young  tree  and  the  height  growth  rate  of 
#32  does  not  appear  to  have  decreased  in  the  past  70  years. 
10 


Year 

Figure  4. — Heights  of  five  dominant  and  aodominant  pinyons  on  the  Green  Creek  plot  from 
1780  to  1977.      Tree  #6  is  not  shown  because  its  ourve  coincides  with  those  of  trees 
fl21  and  #27. 


X 


Figure  5.— Heights  of  five  dominant  and  codominan 
from  1780   to   1977. 
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Height  growth  rates  var)-  considerably  among  dominants  on  the  same  plot,  especially 
on  the  Monte  Cristo  plot.   Tlie  younger  dominants  arc  growing  faster  than  the  older  trees 
are  growing  now  or  grew  at  the  same  age.   It  is  probalilc  that  t!iese  faster-growing 
trees  are  genetically  superior,  but  where  are  their  parents?   i'inyons  taller  than  12  ni 
are  rare  in  the  study  area  and  in  most  other  jiinyon-junipcr  stands  in  the  f.rcat  Basin. 
A  plausible  explanation  of  this  anomaly  is  that  faster-growing  trees  were  present  in 
the  stands  but  were  logged  off  in  the  19th  century,  leaving  the  shorter  f  slower-g.rowing) 
trees  that  are  now  the  oldest  trees  in  the  stand. 


Diameter 


Stump  diameters  of  several  dominants  and  codominants  on  cacii  of  the  three  plots 
are  plotted  through  time  in  figures  7,  8,  and  9.   The  diameters  were  calculated  at  10- 
year  intervals  through  1960  and  then  at  5-year  intervals  until  197S.   The  Cattle  Trougii 
plot  (fig.  8]  has  the  expected  S-curves:   diameter  growth  increased  initially  and  then 
decreased  as  competition  among  trees  increased.   Trees  #31  and  #52  on  this  plot  provide 
a  good  example  of  the  effects  of  competition.   These  trees  are  close  together  (fig.  2) 
and  obviously  in  competition.   As  these  trees  developed  and  competition  between  them 
increased,  diameter  growth  of  both  decreased  but  the  reduction  was  greater  in  the  young- 
er, smaller  tree  (#31).   The  competition  had  no  apparent  effect  on  height  growth  rates 
of  either  tree  (fig.  5). 

In  contrast  to  the  Cattle  Trough  plot,  none  of  the  dominants  and  few  of  the  co- 
dominants  on  the  other  two  plots  have  S-shaped  curves  (figs.  7  and  9).   The  diameter 
growth  rates  of  most  of  these  trees  have  remained  essentially  constant  from  tlie  time 
they  attained  a  diameter  of  about  10  cm  up  to  the  time  they  were  felled  and  measured. 
In  general,  the  larger  trees  on  these  two  plots  are  not  competing  with  each  other  but 
with  smaller  trees.   In  the  absence  of  appreciable  competition,  there  appears  to  be  no 
diminution  of  diameter  growth  regardless  of  tree  size  or  age.   Tlie  older  trees  on  the 
Monte  Cristo  plot  demonstrate  this  point.   Tree  #34  is  suffering  from  competition  with 
trees  #29  and  #31,  but  trees  #24,  #29  and  #31  have  essentially  stra ight- 1 ine  diameter 
growth  (fig.  9) . 

Tree  #31  on  the  Monte  Cristo  plot  is  a  special  case  that  requires  further  explana- 
tion.  Unfortunately,  the  butt  of  this  old  tree  was  badly  rotted  and  it  was  necessary 
to  extrapolate  the  radial  growth  pattern  of  a  section  2  m  Iiigli  on  the  dominant  stem  to 
calculate  past  diameters  at  stump  height.   Thus,  the  i)ast  diameters  ]ilotted  for  this 
tree  are  based  on  the  assumption  that  the  ratio  of  radial  growtli  at  15  cm  to  radial 
growth  at  2  m  is  constant.   In  any  case,  diameter  growth  of  this  tree  has  been  essen- 
tially constant  for  more  than  three  centuries. 

Reveal  (1944),  reporting  on  a  study  in  the  nearl)y  Pine  Nut  Range,  stated:   "Dia- 
meter growth  (of  pinyon)  is  maintained  at  approximately  one  inch  per  decade  for  the 
first  100  years.   As  maturity  advances,  the  diameter  growth  decreases  to  0.25  incti  at 
the  end  of  the  second  century.   The  life  span  is  seldom  over  250  years." 

The  results  from  the  Sweetwater  Mountains  indicate  that  average  diameter  growtli  of 
pinyons  is  roughly  1  in  (25  mm)  per  decade  but  tliat  competition,  not  age,  is  the  [irimary 
cause  of  reduction  in  diameter  growth.   These  results  also  suggest  i-hat  the  natural 
life  span  of  singleleaf  pinyon  can  t)e  well  over  250  years. 
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Figure   7. — Stump  diametevs    (outside  bark)   of  six  dominant  and  aodominant  pinyons  on 
the  Green  Creek  plot  from  1780  to  1977. 


Figure  8. — Stump  diameters    (outside  bark)   of  five  dominant  and  aodominant  pinyons 
on  the  Cattle  Trough  plot  from  1780  to   1977. 


12 


o 

CD 

4-i 

o 

tl. 

o 

o 

CO 

<o 


Ci) 

o 

+^ 

CNJ 

CN 

-i. 

o 
o 

s 

o 

CO 

o 

00 

o 

Si 


o 


o 


00 

rS     ^ 

"a  to 

CO 

+i    r~1 

rs; 

<53    S 

o 

•r^     O 

CO 

<i)   ,?^ 

O 

a; 

CD 

S, 

« 

-Q 

^ 

O 

'13 

■^ 

to 

+i 

;s 

o 

O 
C\J 

CO 

CD 

+i 

ca 

o 

^ 

o 

C3 

r-- 

•v^ 

't3 

o 

■tl 

CO 

'O 

c^s 

o 

CO 

ca 

CD 

.t. 

1 

g. 

E 
b 


c^ 


stand  Basal  Area 


Patterns  of  stand  basal  area  increase  are  similar  on  all  three  plots  (fig.  10). 
Stand  basal  area  growth  rate  gradually  increases  until  the  trees  achieve  virtually  com- 
plete dominance  and  then  the  rate  of  increase  becomes  constant.  When  the  rate  becomes 
constant,  the  understory  is  reduced  to  a  few  plants  that  have  negligible  competitive 
effects  on  the  trees,  and  the  stand  can  be  considered  closed.   The  constant  rate  of 
basal  area  growth  of  closed  stands  is  probably  closely  linked  with  site  potential.   The 
growth  rates  prior  to  stand  closure  depend  on  density  of  trees  and  size  distribution  as 
well  as  site  potential. 


It 


Obviously,  there  must  be  an  upper  limit  on  stand  basal  area  and  the  rate  of  stand 
basal  area  growth  must  decrease  as  this  limit  is  approached.   However,  there  is  no  in- 
dication of  such  a  decrease  on  these  three  plots.   A  slight  decline  in  growth  rate  from 
1975  to  1977  can  be  discerned  in  figure  10  and  in  some  other  figures,  but  this  apparent 
decline  is  attributed  to  unusually  dry  conditions  during  this  period  and  to  the  fact 
that  the  trees  were  cut  and  measured  before  they  had  completed  their  1977  growth. 

Pinyon  trees  grow  so  slowly  that  several  centuries  may  be  required  to  reach  the 
upper  limit  on  stand  basal  area.   Few  pinyon- juniper  stands  in  the  Great  Basin  are  old 
enough  to  be  approaching  this  limit. 
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Figure  10.— Stand  basal  area  on  each  of  the  plots  from  1860  to  1977. 
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Biomass 


Biomass  components  (foliage,  wood  larger  than  76  mm  diameter,  and  tc^tal  abovc- 
i  ground  biomass)  of  all  trees  taller  than  1  m  are  tabulated  in  ai)i)cnd  i  x  III.   I'ast  values 
of  these  biomass  components  were  calculated  for  all  trees,  using  the  regression  eciua- 
tions  in  appendix  II.   The  results  of  these  calculations  for  the  largest  tree  on  each 
of  the  three  plots  are  portrayed  in  figures  11,  12,  and  13. 

Tree  #31  on  the  Green  Creek  plot  (fig.  Ill,  despite  its  small  size  in  18G0,  was 
about  78  years  old  at  the  time.   Apparently,  it  had  been  suppressed,  perhaps  by  a  stand 
of  trees  that  were  removed  about  that  time.   If  so,  it  responded  favorably  to  release. 

Tree  #29  on  the  Cattle  Trough  plot  (fig.  12)  was  about  40  years  old  in  1860  and 
showed  no  evidence  of  overstory  suppression  or  competition  until  about  1920  when  its 
growth  rate  began  to  decline.   Unlike  tree  #31  at  Green  Creek,  tree  #29's  foliage 
biomass  has  remained  nearly  constant  during  the  past  40  years. 

One  of  the  interesting  things  about  tree  #31  on  the  Monte  Cristo  plot  (fig.  13) 
is  its  lack  of  senescence.   Its  rates  of  diameter  and  height  growth  have  not  changed 
appreciably  over  the  past  300  years.   Up  until  the  time  the  tree  was  measured,  its 
rate  of  biomass  accumulation  still  tended  to  increase  somewhat,  even  though  it  was  more 
than  400  years  old. 


Figure   11.— Foliage^   wood,    and  total  above-stump  biomasses  of  tree   IfSl  on  the  Green 
Creek  plot  from  1860  to  1977.      Foliage  biomass  is  the  ovendng  mass  of  needles.      Wood 
biomass  is  the  ovendrij  mass  of  wood    (bark  excluded'    laraer  thin  76  rm  diameter. 


15 


Figure  12. — Foliage^   wood,    and  total  above-stump  biomasses  of  tvee   #29  on  the  Cattle 
Trough  plot  from  1860  to  1977.      Foliage  biomass  is  the  ovendry  mass  of  needles.      Wood 
biomass  is  the  ovendry  mass  of  wood   (bark  excluded)    larger  than   76  mm  diameter. 
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Figure  IZ.— Foliage,   wood,   and  total  above-stump  biomasses  of  tree  #Z1  on  the  Monte 
Cristo  plot  from  1860  to  1977.      Foliage  biomass  is  the  ovendry  mass  of  needles.      Wood 
biomass  is  the  ovendry  mass  of  wood  (bark  excluded)    larger  than  76  mm  diameter, 
tree  was  estimated  to  be  432  years  old  in  1977. 
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On  a  stand  basis,  biomass  growth  follows  trends  similar  to  those  of  tlie  individual 
large  trees  (figs.  14,  15,  and  16).   On  the  C.reen  Oeek  plot  (fij-..  14),  growth  rates  of 
all  three  components--foliage,  wood,  and  total--continued  to  increase  until  l'.)7S.   As 
mentioned  earlier,  the  slight  decline  in  growth  rates  from  1975  to  1977  was  probalily  due 
to  the  combined  effects  of  the  drought  during  that  period  and  the  measurement  of  the 
trees  before  current  season  growth  was  completed;  the  decline  does  not  necessarily  in- 
dicate a  change  in  trend  of  growth  rates. 

In  contrast,  rates  of  biomass  increment  on  the  Cattle  Trough  plot  (fig.  15)  have 
been  essentially  constant  since  about  1920.   The  growth  pattern  on  the  Monte  Cristo 
plot  (fig.  16)  is  intermediate  between  the  other  two  plots,  although  biomasses  arc 
greater.   Growth  rates  at  Monte  Cristo  were  essentially  constant  from  1910  to  1950,  l)ut 
growth  rates  tended  to  increase  from  1950  to  the  time  the  plot  was  measured. 


Figure  14.— Foliage,   wood,    and  above-stump  biomasses  in  metric  tons  per  hectare  on  the 
Green  Creek  plot  from  1860  to  1977. 


The  differences  in  growth  patterns  among  these  plots  were  caused  mainly  by  ditfcr- 

ences  in  tree  density  and  age  structure.   The  Green  Creek  plot  had  a  young  stand,  only 
five  trees  in  the  plot  were  more  than  100  years  old  (table  2).   The  Cattle  Trough  plot 

had  a  dense  stand  essentially  80  years  more  advanced  than  Green  Creek;  45  trees  on  this 

plot  were  more  than  100  years  old.   The  Monte  Cristo  plot  had  the  greatest  diversity  of 

ages  but,  unlike  Cattle  Trough,  the  density  was  not  great  and  many  of  the  younger  trees 
were  not  subject  to  competition  from  the  older  trees. 
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Figure   15. — Foliage^    wood,    and  total  above-stump  hiomasses  in  metvic  tons  per  hectare 
on  the  Cattle  Trough  plot  from  1860  to   1977. 
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Figure  16. — Foliage,   wood,   and  total  above-stump  biomasses  in  metric  tons  per  hectare 
on  the  Monte  Cristo  plot  from  1860  to  1977. 
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CONCLUSIONS 


Since  the  data  were  obtained  en  only  three  plots  in  a  single  area  and  do  not  in- 
clude juniper,  the  results  obtained  in  the  Sweetwater  area  may  not  apply  to  pinyon- 
juniper  stands  throughout  the  Great  Basin.   Pinyon-juniper  stands  in  central  and  eastern 
Nevada  will  be  examined  in  a  similar  manner  to  broaden  the  data  base  and  extend  tlie  area 
of  applicability.   However,  the  Sweetwater  results  suggest  a  number  of  characteristics 
of  singleleaf  pinyon  trees  and  stands  that  may  be  common  throughout  the  range  of  this 
species  with  or  without  juniper  association.   These  characteristics  are  as  follows: 

1.  Height  growth  of  dominants  and  codominants  appears  to  be  little  affected  by 
age  or  competition.   Height  growth  rates  of  dominants  and  codominants  generally  remained 
constant  during  most  of  their  lives;  the  only  trees  that  were  found  to  be  approaching 
culmination  of  height  growth  were  those  trees  that  were  severely  suppressed. 

2.  Height  growth  rates  can  vary  significantly  among  dominants  on  the  same  plot. 
Differences  in  height  growth  of  dominants  may  be  due  to  genetic  variation.   These  dif- 
ferences appear  to  be  linked  to  growth  form;  height  growth  is  generally  slower  in  trees 
that  have  a  shrubby  form  and  multiple  leaders. 

3.  Diameter  growth  rate  is  regulated  by  competition  rather  than  by  age. 

4.  The  rate  of  increase  of  stand  basal  area  becomes  relatively  constant  when  the 
trees  dominate  the  site.   The  rate  of  basal  area  increase  of  closed  stands  may  be  an 
accurate  index  of  site  potential,  providing  the  stand  is  not  decadent.   Truly  decadent 
stands  are  probably  very  rare  in  the  pinyon-juniper  type. 

5.  The  increase  in  total  above-ground  biomass  approaches  a  constant  rate  after 
the  trees  fully  dominate  the  site.   Eventually  the  rate  of  biomass  increment  must  de- 
crease but  there  was  no  indication  of  an  impending  decrease  on  the  three  plots  in  the 
Sweetwater  study  area.   The  rate  was  still  increasing  on  two  of  the  plots.   Pinyon  trees 
grow  so  slowly  that  maximum  biomass  may  not  be  attained  for  several  centuries.   The  data 
suggest  that  growth  rate  is  essentially  constant  until  the  maximum  biomass  is  approaclied, 
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APPENDIX  I  —  Regression  Equations  for  Present  Biomass 


The  following  logarithmic  ecjuations  were  useci  to  estimate  foliage,  wooil,  ami  tota 
above-stump  biomasses  of  all  unweig.hed  trees  taller  than  1  m   on  the  Sweetwater  plots: 


(InF)  =  .486  (InD)  +  .470  (Inll)  +  1.2S7  (InC)  +  .?,9U    flnK)  -  r>.S(i4 

(InW)  =  3.167  (InD)  +  2.827  (.Inii)  -  .408  (InDj  •  flnll) 

+  .120  (InD)  •  (InC  )  -  14.14  1 

X 

(InM)  =  2.416  (InD)  +  .463  (Inli)  +  1.776  (InC  ) 

-  .243  (InDJ  •  (InC  _)  -  8.429 


(e(|.  3) 
(cq.  4) 

(eq.  5) 


in  which: 


F   =  foliage  biomass  =  ovendry  mass  of  foliage  (kg) 

W  =  wood  biomass  =  ovendry  mass  of  wood  (bark  excluded)  larger  than  7()  mm 

diameter  (kg) 
M  =  total  above-stump  biomass  =  total  ovendry  mass  above  a  15  cm  stump  (kg) 
D  -   diameter  of  outside  bark  at  stump  height  (cm) 
H  =  total  height  of  tree  (dm) 
C  .  =  maximum  crown  diameter  (dm) 
C   =  average  crown  diameter  (dm) --the  geometric  mean  of  the  maximim  crown  diameter 

and  the  crown  diameter  perpendicular  to  the  maximum. 
K  =  foliage  class  as  defined  in  the  methods  section. 

The  coefficients  of  determination  (R^)  are  0.936  for  foliage,  (eq.  3),  0.991  for 
wood  (eq.  4),  and  0.988  for  total  (eq.  5).   The  standard  errors  of  estimate  are  0.2()7, 
0.163,  and  0.148,  respectively. 
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APPENDIX  II  —  Regression  Equations  for  Past  Biomass 


Diameter,  height,  and  age  can  be  used  to  estimate  past  biomass  because  they  can 
be  determined  accurately  for  any  time  in  the  past.   Crown  parameters  cannot  be  used  as 
they  were  for  present  biomass,  because  their  past  values  cannot  be  estimated  accurately. 
The  following  equations  were  developed  to  estimate  past  biomass: 

(InF)    =   2.229    (InD)    +   1.027    (InH)    -    .201    (InH)    •    (InT)    -   4.406 

(eq.    6) 

(InW)  =  3.394  (InD)  +  2.433  (InH)  -  .278  (InD)  •  (InH)  -  13.521 

(eq.  7) 

(InM)  =  2.695  (InD)  +  .670  (InH)  -  .0806  (InD)  •  (InH)  -  5.258 

(eq.  8) 

The  symbols  are  as  defined  in  appendix  I  except  for  the  introduction  of  T,  the  age 
(years)  of  the  tree  at  stump  height,  in  equation  6.   The  coefficients  of  determination 
(r2),  are  0.891  for  foliage  (eq.  6),  0.990  for  wood  (eq.  7),  and  0.978  for  total  (eq.  8) 
The  standard  errors  of  estimate  are  0.342,  0.173,  and  0.205,  respectively,  and  are  sub- 
stantially greater  than  their  counterparts  in  appendix  I. 

The  last  term  (the  intercept)  in  the  equations  was  not  used  in  the  calculation  of 
past  biomass.   A  new  intercept  was  calculated  for  each  equation  and  each  tree  such 
that  biomass  calculated  for  1977  equals  the  measured  biomass  of  weighed  trees  or  the 
estimated  biomass  of  unweighed  trees  as  calculated  by  the  equations  in  appendix  I.   For 
the  foliage  equation,  for  example,  the  proper  intercept  term  (I)  was  calculated  by: 

I  =  (InF)  -  2.229  (InD)  -  1.027  (InH)  +  .201  (InH)  •  (InT) 

(eq.  9) 

in  which  D,  H,  and  T  are  1977  values  for  diameter,  height,  and  age  of  a  particular  tree; 
and  F  is  foliage  biomass,  either  weighed  or  calculated  by  eq.  3. 
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APPENDIX  III  — Tree  Data 


The  measured  and  calculated  data  for  the  trees  taller  than  1  ni  on  the  three  plots 
are  in  tables  3,  4,  and  5.   Diameter  was  measured  by  diameter  tape  outside  l^ark  at  stumji 
height  (15  cm).   The  second  column  under  crown  diameter  (min)  is  crown  diameter  perpen- 
dicular to  maximum  crown  diameter.   Age  is  total  age,  estimated  by  e.xtra])olat  ing  the 
height-age  curves  to  the  ground  surface.   The  biomasses  in  the  next  three  columns  were 
measured  directly  for  the  weighed  trees.   The  regression  equations  in  appendix  I  were 
used  to  calculate  the  biomasses  of  unweighed  trees.   A  zero  in  these  columns  indicates 
a  measured  or  calculated  mass  less  than  0.5  kg.   The  last  column  is  decadal  diameter 
growth  (bark  included)  for  the  years  1966  through  1975. 
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Table  3. --Dimensions ,   foliage  classes,   ages,   hiomasses,   and  diameter  growth  rates  of 
pinyons  on  the  Green  Creek  -plot 
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Age: 

B 

iomass 

Diameter 

number: 
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27 

17 

5 

60 

4 

6 

24 

38 

26 

27 

62 

47 

30 

3 

78 

23 

51 
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44 

272 

25 

72 

55 

32 

2 

75 

35 

46 
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50 

28 

24 

61 

35 

30 

4 

95 

20 

35 

112 

46 

29 

39 

70 

64 

55 

5 

142 

64 

139 

432 

44 

30 

51 

86 

75 

70 

6 

147 

112 

324 

790 

50 

31-^ 

59 

96 

93 

66 

3 

195 

119 

615 

1,212 

37 

322 

15 

32 

21 

17 

5 

81 

5 

3 

20 

23 

33 

4 

11 

10 

8 

2 

40 

0 

0 

0 

16 

34 

23 

40 

20 

7 

2 

62 

3 

14 

49 

47 

352 

14 

34 

20 

19 

3 

74 

4 

3 

17 

41 

■^Foliage  class  estimated  on  a  scale  of  1  to  9;  1 
foliage  on  all  sides. 

2lndicates  trees  that  were  actually  weighed. 


very  sparse  foliage,  9  =  dense 


24 


Table  4 

--Dimenaio) 

f;,  folia 

je  i-^lar.a 

'•''  i 

"lOr,,    hi.orrkir.^tei 

;,  and  di 

Mvptcr 

^rni^'th   f 

.■/.-;:  .J.f 

pinijonf!   '^ 

t   the   (\! 

'tth-   Tvo 

<;'''  ; 

'u,t 

Crown 

Tree  : 

Stump     : 
diameter   : 

ileight  : 

dia.neter  : 
Max. :  Min. : 

Fol iage 
class  ' 

:Age: 

B 

ioraass 

Diamotcr 

number ; 

lol iage 

:  Wood 

:  lotal: 

growt  \\ 

jm 

dm 

,h 

Ui'iJP:'; 

-k,^— 

'?i/ !  0   !,)",■■ 

1 

24 

52 

30 

15 

2 

107 

8 

2(> 

89 

1(> 

2 

4 

11 

9 

9 

2 

50 

0 

0 

1 

4 

3 

11 

30 

23 

1  -> 

4 

8() 

() 

2 

15 

21 

4 

42 

78 

61 

50 

5 

177 

(.4 

181 

484 

26 

5 

25 

86 

36 

20 

3 

177 

17 

65 

144 

10 

6 

22 

78 

41 

25 

4 

141 

21 

4<. 

129 

11 

7 

20 

15 

25 

19 

4 

148 

() 

2 

31 

S 

8 

24 

56 

32 

30 

5 

1S5 

11. 

30 

98 

21 

9 

6 

13 

10 

6 

2 

80 

1 

0 

1 

() 

10 

26 

60 

49 

4  0 

5 

118 

34 

4() 

175 

32 

11 

38 

84 

60 

43 

5 

129 

57 

165 

428 

21 

i: 

43 

85 

78 

48 

5 

165 

77 

236 

64  3 

12 

13 

3 

10 

5 

4 

1 

78 

0 

1) 

(1 

3 

14 

26 

93 

30 

18 

4 

138 

17 

73 

132 

14 

15 

31 

71 

70 

42 

5 

147 

52 

95 

34  3 

13 

16 

25 

68 

43 

37 

6 

130 

33 

49 

154 

19 

17 

22 

73 

34 

21 

4 

147 

16 

39 

103 

12 

18 

22 

69 

23 

20 

5 

171 

U 

31 

67 

4 

19 

20 

52 

31 

23 

4 

163 

13 

18 

69 

11 

20 

44 

94 

50 

48 

5 

191 

61 

230 

475 

15 

21 

11 

22 

27 

20 

4 

73 

6 

1 

15 

20 

22 

20 

46 

20 

18 

4 

111 

8 

13 

41 

2b 

23 

12 

43 

16 

14 

3 

80 

4 

4 

13 

19 

24 

"'> 

57 

31 

23 

4 

107 

15 

26 

84 

18 

25 

n  7 

52 

54 

32 

5 

139 

20 

23 

88 

12 

26 

35 

87 

51 

38 

5 

170 

46 

139 

334 

8 

27 

13 

46 

21 

17 

4 

81 

7 

(1 

21 

19 

28 

40 

64 

81 

62 

7 

148 

90 

144 

529 

7 

292 

59 

97 

69 

60 

7 

158 

73 

500 

947 

17 

30 

22 

54 

35 

23 

4 

151 

15 

25 

92 

6 

312 

31 

92 

25 

23 

3 

146 

15 

96 

192 

11 

322 

40 

102 

41 

34 

4 

168 

29 

259 

496 

11 

33 

30 

66 

43 

39 

4 

169 

31 

(16 

200 

11 

34 

38 

71 

47 

43 

6 

164 

48 

118 

319 

lb 

35 

10 

30 

16 

9 

3 

110 

2 

1 

8 

2 

36 

32 

56 

36 

32 

5 

82 

26 

55 

173 

29 

37 

5 

32 

11 

6 

3 

67 

1 

0 

1 

15 

38 

5 

22 

9 

9 

3 

55 

1 

0 

1 

7 

39 

18 

55 

34 

28 

5 

73 

17 

17 

66 

30 

40 

31 

66 

56 

55 

5 

154 

51 

78 

269 

7 

41 

35 

85 

52 

45 

4 

143 

47 

135 

336 

13 

422 

9 

36 

18 

11 

3 

115 

T 

1 

9 

8 

432 

19 

78 

30 

"}', 

3 

154 

6 

35 

78 

13 

44 

30 

88 

46 

41 

5 

152 

42 

102 

24  3 

7 

45 

26 

88 

45 

36 

3 

151 

29 

78 

192 

9 

46 

6 

27 

5 

5 

4 

114 

1 

0 

1 

16 

47 

32 

87 

56 

55 

4 

166 

55 

122 

320 

13 

48 

18 

52 

26 

23 

5 

76 

12 

14 

4  8 

28 

49 

9 

12 

6 

5 

2 

79 

1 

1 

3 

10 

50 

8 

29 

18 

13 

3 

68 

3 

1 

6 

23 

51 

9 

45 

10 

7 

4 

84 

^  -) 

2 

4 

16 

52 

29 

84 

40 

38 

5 

104 

35 

85 

198 

24 

53 

10 

35 

22 

21 

5 

71 

7 

-> 

13 

22 

54 

16 

33 

29 

26 

4 

86 

10 

5 

36 

12 

55 

19 

64 

27 

23 

3 

102 

12 

T  y 

60 

26 

56 

5 

21 

10 

10 

4 

69 

1 

0 

1 

12 

57 

18 

67 

24 

20 

4 

102 

11 

21 

50 

27 

58 

24 

30 

41 

25 

4 

133 

21 

46 

140 

14 

592 

2 

13 

7 

6 

2 

56 

0 

0 

0 

() 

60 

12 

43 

22 

17 

4 

91 

() 

4 

19 

26 

61 

29 

92 

53 

32 

4 

136 

36 

108 

270 

14 

62 

27 

78 

29 

21 

3 

14  9 

15 

59 

125 

8 

63 

39 

96 

74 

4  5 

5 

134 

72 

226 

5(-9 

2h 

64 

3 

11 

6 

5 

6 

48 

0 

0 

0 

14 

'Foliage  class  estimated  on  a  scale  of  1  to  9;  1 
foliage  on  all  sides. 

^Indicates  trees  that  were  actually  weighed. 
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Table  S.-- Dimensions j    foliage  elasseSj   ages,    hiomasses,   and  diameter  growth  rates  of 
pinyons  on  the  Monte  Oris  to  plot 
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58 

50 
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53 
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28 

9 
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3 
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20 
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28 
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6 
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35 

78 
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114 

1 
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33 
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36 
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33 

21 

57 

30 

25 

5 

94 

16 

23 
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34 

43 

96 

72 

48 

3 
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9 

^Foliage  class  estimated  on  a  scale  of  1  to  9;  1  =  very  sparse  foliage,  9 
foliage  on  all  sides. 

2lndicates  trees  that  were  actually  weighed. 
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INTRODUCTION 

Pinyon  and  juniper  trees  are  commonly  small  and  scrubby,  have  rapid  taper  and  a 
bushy  appearance.   These  characteristics,  which  are  different  from  those  of  tree  species 
conventionally  managed  for  production  of  sawlogs,  give  both  the  private  landowner  and 
the  public  forester  some  unusual  problems  in  estimating  wood  volume.   Few  volume  tables 
have  ever  been  published,  and  volume  equations  are  virtually  nonexistent.  Howell  and 
Lexen  published  some  tables  in  the  late  1930' s  and  early  1940' s  (Howell  and  Lexen  1939; 
Howell  1940  and  1941)  and  Moessner  later  published  an  aerial  photo  volume  table  (1962)  , 
All  these  tables  were  published  within  one  cover  by  Barger  and  Ffolliot  (1972)  . 


DATA  COLLECTION 

The  lack  of  adequate  equations  or  tables  for  estimating  cubic  volumes  of  pinyon 
and  juniper  plus  the  interest  of  personnel  on  the  Carson  National  Forest  in  New  Mexico 
in  assessing  the  current  situation  in  their  pinyon  and  juniper  resources  resulted  in 
plans  for  a  cooperative  study.   Participants  were  the  Intermountain  Forest  and  Range 
Experiment  Station's  Renewable  Resources  Evaluation  work  unit,  the  Carson  National 
Forest,  and  the  Southwestern  Region  of  the  Forest  Service.   The  data  used  to  develop 
the  cubic  volume  equations  presented  here  were  collected  on  the  Carson  National  Forest 
as  part  of  this  cooperative  study.   Independent  variables  collected  and  used  in  the 
data  analysis  were: 

1.  Species 

2.  Basal  diameter  outside  bark- -diameter  at  ground  line 

3.  Total  tree  height 

4.  Number  of  3-in  (7.62  cm)  and  larger  forks  anywhere  on  the  stem  where  both 
stems  coming  out  of  the  fork  were  3  in  or  larger  diameter  outside  the  bark 

5.  Number  of  stems  3-in  (7.62  cm)  diameter  and  larger  outside  the  bark  and 
originating  within  the  first  12  in  (30.43  cm)  above  ground  line. 

The  two  independent  variables  measured  for  use  in  determining  cubic-foot  volume  of 
each  sample  tree  were:  (1)  the  number  of  segments  in  each  tree  by  2-ft  (0.61  m)  length 
classes,  and  (2)  2-in  (5.08  cm)  midpoint  diameter  classes  (2  to  8  ft,  or  0.61  to  2.44  m) . 
The  midpoint  diameter  classes  were  even  2-in  (5.08  cm)  classes;  2-in  (5.08  cm)  diameters 
were  the  smallest.   If  any  segment  (except  for  the  2-ft  length  class)  had  more  than 
2  in  of  taper,  it  was  divided  into  two  or  more  segments  such  that  maximum  taper  within 
a  segment  could  not  exceed  2  in  (5.08  cm). 

Of  the  several  species  of  pinyons  and  junipers  native  to  the  Rocky  Mountain  West, 
only  three  were  encountered  in  this  study:  pinyon  (Pinus  e duli s -Engelm.)    and  Rocky 
Mountain  and  Utah  junipers  (Juniperus  scopulorum   Sarg.  and  J.    os teosperma ^  [Torr .] 
Little).   Of  the  total  of  2,318  trees  measured,  1,559  were  pinyons  and  759  were  junipers. 
The  trees  were  selected  from  96  field  plots  randomly  scattered  about  the  Carson  National 
Forest. 

DATA  ANALYSIS 

Using  diameter  and  length  class,  the  cubic  volume  was  calculated  for  each  segment 
in  each  sample  tree  assuming  the  segment  was  a  cylinder  having  diameter  equal  to  the 
segment  midpoint  diameter  and  length  equal  to  the  segment  length  class  (Huber's  formula). 


The  segment  cubic  volumes  were  then  sunmiarized  by  diameter  class  to  provide  ostiiiiatcs  o\' 
cubic  volume  for  each  tree  by  six  different  top  diameters--!  in  ^hrougli  11+  in  f2.S4  cm- 
27.94  cm)  by  2-in  (approximately  5  cm)  odd  increments.  Cubic  volume,  so  calculated,  was 
used  as  the  dependent  variable  for  regression  analyses. 

A  combinatorial  screening  approach  ((Irosenbaugh  1967)  was  used  initially  to  deter- 
mine which  combination  of  pertinent  transforms  of  all  independent  variables  gave  the  l)est 
estimate  of  cubic  volume.   The  results  indicated  basal  diameter  and  total  heiglit  to  be 
the  best  predictors  of  cubic  volume  for  pinyon.   Basal  diameter,  heigiit,  and  number  of 
forks  provided  the  "best"  correlation  with  juniper  volume.   Substituting  number  of  stems 
for  number  of  forks  gave  a  slightly  smaller  correlation;  however,  number  of  stems  was 
selected  for  the  final  juniper  volume  model  because  numlier  of  stems  is  more  easily  and 
accurately  determined  in  the  field. 

After  these  independent  variables  were  selected,  the  data  were  summarized  liy 
species  for  each  minimum  top  diameter  limit.   For  pinyon,  mean  cubic  volume  was  computed 
for  each  2-in  (approximately  5  cm)  basal  diameter  class  and  each  5- ft  (1.5  m)  height 
class.   For  juniper,  mean  cubic  volume  was  computed  for  each  2-in  (5  cm)  basal  diameter 
class,  5-ft  (1.5  m)  height  class,  and  number-of-stems  class.   These  mean  cubic  volumes 
were  then  used  to  develop  a  refined  volume  model  that  was  finally  fitted  to  all  indi- 
vidual tree  volumes  by  linear  least  squares  techniques. 

The  following  constraints  were  applied  to  the  volume  models: 

1.  Volume  should  increase  over  height  and  must  pass  througli  zero  cubic  volume 
when  height  equals  zero. 

2.  Volume  should  increase  over  basal  diameter  and  must  pass  through  zero  cubic 
volume  when  basal  diameter  equals  minimum  top  diameter  limit. 

3.  Volume  must  approach  zero  cubic  volume  as  number  of  stems  increases. 

4.  Volume  must  decrease  with  increasing  minimum  top  diameter  limit. 

5.  The  minimum  top  diameter  components  must  not  cross. 

6.  The  number  of  stem  components  of  model  must  not  cross. 

An  initial  plotting  of  the  data  indicated  volume  increased  linearly  over  height 
and  was  concave  upward  over  basal  diameter. 

The  first  constraint  is  satisfied  by  a  model  of  the  form  Y  =  bU   where  /;  is  ex- 
pressed as  a  function  of  basal  diameter,  number  of  stems,  and  minimum  top  diameter 
limit.   Minimum  top  diameter  limits  of  9  in  (22.86  cm)  and  11  in  (27.94  cm)  were  droii]HHl 
from  the  analysis  because  inadequate  sample  sizes  resulted  in  inconsistent  trends.   Tlie 

.  final  model  was  then  developed  using  minimum  top  diameter  limits  of  1,  5,  5,  and  7  in 

:  (2.54,  7.62,  12.70,  and  17.78  cm). 

The  first  step  in  the  model  building  process  was  to  fit  a  weigiited  linear  eciuation 
I  of  the  basic  model  form  through  the  origin  with  height  as  the  independent  variable  and 
{  cubic  volume  as  the  dependent  variable.   This  was  done  for  each  sjiecies,  2-in  (5  cml 
'    basal  diameter  class,  minimum  top  diameter  limit,  and  in  the  case  of  juniper,  eacii 
number-of-stem  class  up  to  six.   Beyond  six  stems,  the  data  base  was  insufficient  to 
determine  consistent  trends.   The  weights  used  were  the  num!)er  of  oliservat  ions  contrib- 
,  uting  to  each  mean  volume. 


Next,  the  resulting  slopes  (b   coefficients)  were  plotted  over  basal  diameter  minus 
minimum  top  diameter  limit.   Basal  diameter  minus  minimum  top  diameter  limit  was  used 
because  of  the  second  constraint  mentioned  previously.   Matchacurve  techniques  (Jensen 
1964,  Jensen  and  Homeyer  1970,  1971,  Jensen  1973,  1976)  were  used  to  describe  the  trends] 
of  the  slopes  in  relation  to  basal  diameter  minus  minimum  top  diameter  for  each  minimum 
top  diameter  class.   For  pinyon,  the  power  function  of  the  form 

7  =  a/" 

was  a  satisfactory  descriptor  with  a   and  n  to  be  a  function  of  minimum  top  diameter 
alone.   For  juniper,  a  single  power  function  did  not  provide  enough  upward  curvature 
for  the  larger  basal  diameters;  therefore,  a  multiple  component  model  having  the  follow- 
ing form  was  used: 

where  the  02^^  component  becomes  essentially  zero  for  small  diameters. 

As  in  step  1,  each  model  component  was  fitted  through  the  origin  by  weighted 
(number  of  observations)  least  squares  techniques. 

For  juniper,  the  slopes  were  also  a  function  of  number  of  stems.   The  number-of- 
stems  effect  was  allowed  to  asymptote  toward  zero  at  20  stems. 

Appropriate  power  functions  for  the  minimum  top  diameter  limit  effect  were  then 
determined.  The  same  procedure  as  used  in  step  2  was  employed,  except  this  time  the 
independent  variable  was  minimum  top  diameter  limit. 

The  components  were  combined  for  each  model  and  the  latter  were  each  fitted  to 
their  respective  data  set  by  least  squares  techniques.   The  simple  linear  model, 
Y  =  b    (model),    was  used,  forcing  the  model  through  the  origin.   The  resulting  coeffi- 
cients were  very  close  to  1,  indicating  that  the  models  as  developed  fitted  the  overall 
data  trends  very  well. 

Next  the  residuals  were  plotted  over  estimated  volume.   The  plotted  residuals 
showed  increasing  residuals  with  increasing  estimated  volume,  indicating  a  need  to 
weight  the  estimate  of  b   in  the  final  models.   Draper  and  Smith  (1966)  and  Cunia  (1964) 
recommend  weighting  the  dependent  variable  by  the  reciprocal  of  the  variance  where 
variance  is  unequal.   An  estimate  of  the  variance  can  be  obtained  from  the  residuals 
squared. 

The  next  step  was  to  screen  possible  variables  for  correlation  with  residuals 
squared.   The  LOG  of  the  residuals  squared  was  screened  against  all  possible  combina- 
tions of  the  LOG'S  of  the  following  variables: 

1.  Estimated  cubic  volume 

2.  Basal  diameter  minus  minimum  top  diameter  limit 

3.  Minimum  top  diameter  limit 

4.  Height 

5.  Number  of  stems  (juniper  only) . 

The  screen  indicated  the  estimated  cubic  volume  was  the  simplest,  best  overall 
predictor  of  residuals  squared. 


A  LOG  model  of  the  following  form  was  fitted  to  arrive  at  a  preliminary  estimate 
of  variance  as  a  function  of  estimated  cubic  volume: 


where: 


LOG((Y  -    )'j2;  =  a   +  h  LOG(Y) 


(7-7)    =  estimated  variance,  residuals  squared 
7  =  field  measured  cubic  volume 
7  =  estimated  cubic  volume  from  previous  regression. 

Substituting  l'  for  (7  -  7)^  and  taking  the  ant i log  yielded: 

V   =  a?. 

Therefore,  the  estimated  weight  was: 


W  = 


]_ 


ai 


Since  a  is  a  constant,  it  was  dropped  from  the  weight  without  affecting  the  rehit ionsh ip 
between  the  weights  over  estimated  cubic  volume.   Drop])ing  the  constant  yielded: 

r 

After  the  initial  estimate  of  the  weight  was  determined,  tlie  model  was  fit 
weighted  least  squares  techniques.   From  the  weighted  model,  a  new  estimate  of 
and  corresponding  weight  was  obtained  by  again  fitting  a  LOd  model.   Having  obt 
new  b   value  for  the  estimated  weight,  a  new  weighted  regression  was  comjiuted. 
fourth  iteration  of  this  process  yielded  weights  and  regression  coefficients  es 
the  same  as  the  third  iteration;  this  indicated  the  weights  had  stabilized  and 
appropriate  weight  had  been  found.   The  final  weight  used  for  the  weighted  regr 
was : 


ted  using, 

variance 

a  ined  a 

The 

sent  ia  1 1  >■ 

an 

ess  ion 


W 


1 


where : 


7  =  estimated  cubic  volume  from  previous  iteration 
b  =   1.43  for  pinyon  and  1.40  for  junijier 

Next  another  plot  of  the  residuals  was  made  over  estimated  cubic  volume.   The 
residuals  were  weighted  by  the  square  root  of  the  weight  used  for  tlie  final  weighted 
regression.   The  plot  showed  that  the  residuals: 


Appeared  in  a  horizontal  band 

Appeared  balanced  overall 

Appeared  unbalanced  close  to  the  origin 

Appeared  unbalanced  for  large  estimated  cubic  voluihes 

For  juniper  only,  had  a  conspicuous  absence  of  jiositive  residuals  at  1 


(0.42  m  )  offset  by  an  absence  of  negative  residuals  at  2S  ft   (0.71  m  ) 

Items  1  and  2  indicate  appropriate  weights  were  used.   Items  7>   and  4  indicate  an 
intercept  value  should  be  included  in  the  model.   Item  5  indicates  that  two  segments  oi' 
the  juniper  model  do  not  fit  the  data  trends,  but  the  lack  of  fit  in  one  segment  is  off 
set  by  a  corresponding  lack  of  fit  in  another.   Another  examination  of  the  means  used 
to  derive  the  original  model  revealed  that  to  correct  for  the  lack  of  fit  in  the  two 
areas  would  result  in  an  unrealistic  model  form.   Tlierefore,  the  orir.inal  model  form 
was  retained. 


As  a  result  of  items  3  and  4,  a  new  weighted  regression  was  computed,  this  time 
with  an  intercept.   The  resulting  intercepts  were  small  [0.03  ft^  (0.0008  m^)  for  both 
pinyon  and  juniper],  and  the  slope  corrections  were  not  unreasonable.   A  plot  of  the 
weighted  residuals  about  the  models  with  intercepts  revealed  that  items  1  and  2  had 
been  unchanged,  items  3  and  4  had  been  corrected,  and  item  5  for  juniper  had  been  im- 
proved.  Therefore,  the  weighted  models  with  intercept  values  were  accepted  as  the  best 
linear  unbiased  estimators  of  cubic  volume. 

RESULTS 

The  final  equations  which  follow  have  the  following  use  restrictions: 

1.  The  minimum  top  diameter  limits  must  be  in  the  range  of  1  to  7  in  (2.5  to 
17.8  cm). 

2.  The  number  of  stems  cannot  exceed  20. 

3.  The  cubic  volume  predicted  is  total  volume  from  ground  line  to  point  of 
minimum  top  diameter  including  bark  and  limbs. 

4.  The  equations  are  considered  representative  of  pinyon,  Utah  juniper,  and  Rocky 
Mountain  juniper  in  northern  New  Mexico.   Use  elsewhere  should  be  accompanied  by  suit- 
able checks  of  applicability. 

The  pinyon  cubic  volume  equation  is: 

F  -  G  +  b/^H 

a    (English  units)  =  0.02768 
a    (metric  units)   =  0.0007838 

X   (English  units)  =  D  -  TD 

D  -   TD 


where: 


X   (metric  units) 


2.54 


D  =   basal  diameter  (at  ground  line)  in  inches  for  English  units  or  centimeters 
for  metric  units 

H  =   total  tree  height  in  feet  for  English  units  or  meters  for  metric  units 

TD  -   minimum  top  diameter  limit  in  inches  for  English  units  or  centimeters 
for  metric  units 

h  (English  units)  =  0.08789  -  0.03675(11.0  -  yz})°'35 

h  (metric  units  )  =  0.0081652  -  0.0024637(27.94  -  TZ))^'^^ 

n  (English  units)  =  1.1  +  0.007(11.0  -  TZ))2.0 

n  (metric  units)  =  1.1  +  0.001085(27.94  -  T0)2-° 

V  =   gross  cubic  volume  outside  bark  to  the  specified  minimum  top  diameter 

limit  including  stump  and  limbs  in  cubic  feet  for  English  units  or  cubic 
meters  for  metric  units. 


Figure    1    illustrates   tlie   jiinyon    1-Liicti   to|)  diameter   volume   surface   shouini-.   tlie 
means   used   for  model   development    jilotted   and   connected   to   tlie   .-surface   b\-   a   vertical 
line.      Note  that   more  than   95    percent    of   tlie   total    data   set    was    less   than    11    in   basal 
diameter. 
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Figure   2. — Pinyon  gross  cubic- foot  volume  outside  hark  including  stuirq^  ayid  linhc    to 
2-inoh  minimum  top  diameter  limit  showing  differences  between  observation  mea>iG  and 
corresponding  predicted  values. 


The   juniper  cubic  volume   equation   is 


n, 


V  =  c   +  a  hXIi 


where: 


c    (English  units)  =  0.03066 

c    (metric  units]  -  0.0008682 

20.0  -  STEMS 
^   '  19.0 

n  (English  units)  =  2.25  +  0.58150(7.0  -  1.0) 

n  (metric  units)  =  2.25  +  0.15012(77'  -  2.54) 

X  (English  units)  =  0. 00491  (Z^  -  70)1-"  +  1  .  50147/'-()8 1 

X  (metric  units)  =  0.0000852(0  -  TD)^  •"'   +  1 .  5194:-;- 11  i 


STEMS  =  number  of  stems  5  in  (7.62  cm)  diameter  and  larger  originating 
within  first  12  in  (0.5  m)  above  ground  line.  Trees  less  than 
3  in  (7.62  cm)  Ixasal  diameter  arc  considered  single  stemmed. 


b    (English  units)  =  1.08100  +  0. 06263(70  -  1.0) 

b    (metric  units)  =  1.08100  +  0.0246575(70  -  2.54) 

D  =   basal  diameter  (at  ground  line)  in  inches  for  English  units  or 
centimeters  metric  units 


li 


H 


total  tree  height  in  feet  for  English  units  or  meters  for  metric  units 


TD  =   minimum  top  diameter  limit  in  inches  for  English  units  or  centimeters 
for  metric  units 

V  -   gross  cubic  volume  outside  bark  to  the  specified  minimum  top  diameter 

limit  including  stump  and  limbs  in  cubic  feet  for  English  units  or  cubic 
meters  for  metric  units. 

Figure  2  illustrates  the  juniper  1-in  top  diameter  volume  surface  for  single- 
stemmed  trees  showing  the  means  used  for  model  development  plotted  and  connected  to 
the  surface  by  a  vertical  line.   Note  that  more  than  90  percent  of  the  total  data  set 
was  less  than  14  inches  basal  diameter. 
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Figure  2.— Juniper'  gross-oubio  volume  outside  bark  including  stump  and  limbs   to  1-inch 
minimum  top  diameter  limit  for  single  stemmed  trees  showing  differences  between 
observation  means  and  corresponding  predicted  values. 

Figure  3  illustrates  the  top  diameter  effect  for  pinyon,  and  figure  4  illustrates 
the  top  diameter  effect  for  single-stemmed  juniper.   Figure  5  illustrates  the  number- 
of-stems  effect  for  juniper  to  a  1-in  top  diameter. 
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Figure   3. — Pinyon  gross  cubic- foot  volume  outside  bark  including  stump  and  linbs   to 
1-inch,    2-inch,    4-inch,    G-inch,    and  7-inch   top  diameter   limits. 
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Figure   4. --Juniper  gross  cubic- foot  volume  outside  bark   including  stump  and   liribs   t 
1-inch,    2-inch,    4-inch,   and  7-inch  mininrum  top  diameter   limit  for  single  sterrried 
trees. 
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Figure  5. --Juniper  gross  oubio-foot  volume  outside  bark  including  stump  and  limbs  to 
1-indh  minimum  top  diameter  for  1,    2,    3,    4,    5j    10,   and  25  stemmed  trees. 


APPLICATION 


The  volume  equations  presented  here  are  too  complex  to  be  solved  easily  with  a 
desk  calculator;  therefore,  two  computer  subroutines  for  computing  individual  tree 
volumes  were  written  (English  and  metric  units)  and  are  included  in  Appendix  I.   The 
subroutines  compute  volumes  in  cubic  feet  with  English  unit  input  and  cubic  meters 
with  metric  unit  input. 

For  desk  calculator  computation  of  tree  volumes,  tables  1  through  10  (in  Appendix 
II)  can  be  used.   Tables  1  and  3  are  in  English  units  for  pinyon  and  tables  5,  7,  and 
9  are  in  English  units  for  juniper.   Tables  2  and  4  are  in  metric  units  for  pinyon  and 
tables  5,  8,  and  10  are  in  metric  units  for  juniper. 

To  compute  cubic-foot  volume  for  a  pinyon  tree,  first  find  the  volume  to  a  1-in 
minimum  top  diameter  for  the  tree  in  table  1.   Then  in  table  3  find  the  appropriate 
proportion  for  the  basal  diameter  of  the  tree  and  the  desired  minimum  top  diameter  limit, 
Multiply  the  table  1  value  by  the  table  3  value  to  obtain  the  cubic-foot  volume  of  the 
tree  to  the  desired  minimum  top  diameter  limit.   Metric  volume  is  obtained  by  the  same 
procedure  except  that  tables  2  and  4  are  used  instead  of  tables  1  and  3. 


To   compute   cubic-foot   volume    for   a    juniper   tree,    first    find    tiie   volume   of  a    single- 
steiiimed   tree   to   a    1-in  minimum   top  diameter    in   table   S.      Secoiv!,    in    tabic   "    find   tiie 
appropriate   proportion    for   the   basal    diameter  of  tlie   tree   and    the   desirei!   minimum   top 
diameter    limit.      Finally,    in   talkie   9    find   the   apiiro|)riate   proportion    for   the   number   of 
stems   and   the  desired  minimum   toj)  diameter   limit.      Multiply   tlie   values   obtainetl    from 
tables   5,    7,    and   9   together   to   ol:)tain   tlie   cubic-foot    volume  of   the   tree   to   tiie   desired 
minimum   top  diameter    limit.      Metric   volume    is   obtained   In'   the   same   procedure   excejit 
that   tables   6,    8,    and   10  are  used    instead  of  tables   5,    7,    and   9. 

Example:    Assume  a   pinyon   tree   10-in  basal    diameter  and   30    ft    tall.      Determine 
the   cubic-foot   volume   of   this   tree   to   a   4-in   minimum   to]i   diameter    limit.      i'l-om   table    1, 
the   value   8.82   cubic    feet    is    read.      l-'rom   table   3,    tlie   |)roportion   0.()92    is    reati .      The 
cubic-foot   volume   of  this   tree   to   a   4-in   top    is   then   ().l    ft      fS.82    X   0.(>92). 

Example;    Assume  a   juniper  tree   12-in  basal    diameter,    20    ft   tall,    and   havin;j.  three 
stems  originating  within   the   first    12    in   above  ground   line.      Hetermine   the   culnc-foot 
volume  of  this   tree   to   a   4-in   minimum   top   diameter    limit.      I'rom   table   5, the   value   S.034 
is   read.      From  table  7,    the  proportion   0.659    is   read.      From  table   9,    the   proj^ortion 
0.686   is   read.      The  cubic-foot   volume  of  this   tree  to  a  4-iii   top    is   then   3.()3    ft 
(8.034   X   0.659   X   0.686). 


CONCLUSIONS 


The  equations,  computer  subroutines,  and  tables  jiresentcd  in  this  paper  are 
applicable  throughout  northern  New  Mexico  for  volume  estimation  in  the  pinyon- jun ijier 
type.   Use  outside  of  northern  New  Mexico  should  be  accomjian i ed  by  appropriate  field 
checks. 
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APPENDIX  I 

SUBROUTINE  P JVOL(BD,TD, STEMS, HT, I SPEC, V) 

C 

r  ***** 

C  *  THIS  SUBROUTINE  COMPUTES  GROSS  CUBIC-FOOT  VOLUME  FOR  INDIVIDUAL 

C  *  PINYON  AND  JUNIPER  TREES. 

C  REQUIRED  INPUTS  -- 

C  *         1.   DIAMETER  AT  GROUND  LINE 

C  *         2.   MINIMUM  TOP  DIAMETER  LIMIT 

C  *         3.   NUMBER  OF  3-INCH  AND  LARGER  STEMS  ORIGINATING  WITHIN 

C  *  FIRST  12  INCHES  ABOVE  GROUND  LINE  FOR  JUNIPER  ONLY 

C  *        4.   TOTAL  TREE  HEIGHT 

C  *         5.   SPECIES  INDEX  OF  1  FOR  PINYON  AND  2  FOR  JUNIPER 

r  ***** 

c 

D  =  BD  -  TD 

IF(TD.LT.1.0.OR.TD.GT.7.0.OR.STEMS.LT.0.0.AND.ISPEC.EQ.2.OR.STEMS. 
1  GT.20.0.AND.ISPEC.EQ.2.0R.HT.LT.O.O.OR.D.LT.O)  GO  TO  20 
IF(ISPEC.EQ.2)  GO  TO  10 
IF(ISPEC.NE.l)  RETURN 

C 

p     ***** 

C     *  PINYON 

r  ***** 

c 

V  =  (.08789  -  .03675  *  (11.  -  TD)**.35)  *  (D**(l.l  +  .007  *  (11.  - 
1  TD)**2.0))  *  HT  +  .02768 

RETURN 

C 

r     ***** 

C     *  JUNIPER 

r  ***** 

c 

10  IF (STEMS. LE. 1.0)  STEMS  =  1.000000 

V  =  (((20.  -  STEMS)  /  19.)**(2.25  +  .3813  *  (TD  -  1.))  *  (1.08100  + 

1  .06263  *  (TD  -  1.))  *  ((.00491  *  D**1.8)  +  (1.50147E-08  *  D 

2  **  5.0)))  *  HT  +  .030664 
RETURN 

20  V  =  0.0 
RETURN 
END 
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SUBROUTINE  PJVOL(BD„TD, STEMS, HT, ISPEC,V) 


C  *  THIS  SUBROUTINE  COMPUTES  GROSS  CUBIC-METER  VOLUME  FOR  INDIVIDUAL 

C  *  PINYON  AND  JUNIPER  TREES. 

C  *     REQUIRED  INPUTS  -- 

C  *         1.   DIAMETER  AT  GROUND  LINE 

C  *         2.   MINIMUM  TOP  DIAMETER  LIMIT 

C  *         3.   NUMBER  OF  3-INCH  AND  LARGER  STEMS  ORIGINATING  WITHIN 

C  *             FIRST  12  INCHES  ABOVE  GROUND  LINE  FOR  JUNIPER  ONLY 

C  *         4,   TOTAL  TREE  HEIGHT 

C  *         5.   SPECIES  INDEX  OF  I  FOR  PINYON  AND  2  FOR  JUNIPER 


D  =  (BD  -  TD)  /  2.54 
IF(ISPEC.EQ.2)  D  =  D  *  2.54 

IF(TD.LT.2.5.0R.TD.GT.15. .OR.STEMS. LT. 0. 0. AND. ISPEC. EQ. 2.0R. STEMS . 
1  GT.20.0.AND.ISPEC.EQ.2.0R.HT.LT.O.O.OR.D.LT.O)  GO  TO  20 
IF(ISPEC.EQ.2)  GO  TO  10 
IF  (ISPEC. NE.l)  RETURN 
C 

n  ***** 

C     *  PINYON 


V  =  (.0081652  -  .0024637  *  (27.94  -  TD)**.35)  *  (D**(l.l  +  .001085 

1  *  (27.94  -  TD)**2.0))  *  HT  +  .0007838 
RETURN 

C 

r-  ***** 

C     *  JUNIPER 
r  ***** 

C 

10  I F (STEMS. LE. 1.0)  STEMS  =  1.000000 

V  =  (((20.0  -  STEMS)  /  19.0)**(2.25  +.15012  *  (TD  -  2.54))  *  (1.0 
181  +  .0246575  *  (TD  -  2.54))  *  ((8.52E-05  *  D**1.8)  +  (1.3194E-11 

2  *  D**5.0)))  *  HT  +  .0008682 
RETURN 

20  V  =  0.0 
RETURN 
END 
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Table  3. — Piny  on  gross  oubia-foot  volume  proportion  of 
1-inoh  minimum  top  diameter  limit 


Basal    : 
diameter   : 

Minimum  top 

diameter 

limit  (inches) 

(inches)   : 

1    : 

2 

:      3 

4 

:      5    : 

6    : 

7 

0 

0 

0 
1       0 

0 
0 

0 
0 

0 

2 

1.000 
1.000 
1.000 
1.000 

0 

4 

0.677 
.852 
.914 

0.300 
.637 
.765 

0 

6 

0.411 
.607 

0.192  1 

0 

8 

.454 

0.305 

0,154 

10 

1.000 

.939 

.819 

.692 

.574 

.467 

.365 

12 

1.000 

.949 

.842 

.730 

.630 

.545 

.472 

14 

1.000 

.952 

.850 

.745 

.655 

.582 

.525 

16 

1.000 

.952 

.851 

.750 

.664 

.598 

.550 

18 

1.000 

.949 

.847 

.747 

.665 

.602 

.560 

20 

1.000 

.945 

.842 

.742 

.660 

.600 

.561 

22 

1.000 

.941 

.835 

.734 

.653 

.594 

.557 

24 

1.000 

.936 

.828 

.726 

.644 

.586 

.551 

26 

1.000 

.932 

.820 

.717 

.635 

.577 

.542 

28 

1.000 

.927 

.813 

.707 

.625 

.567 

.533 

30 

1.000 

.922 

.805 

.698 

.615 

.557 

.523 

32 

1.000 

.918 

.797 

.689 

.605 

.547 

.513 

34 

1.000 

.913 

.790 

.680 

.596 

.538 

.504 

36 

1.000 

.909 

.783 

.672 

.587 

.528 

.494 

38 

1.000 

.904 

.776 

.663 

.577 

.519 

.485 

40 

1.000 

.900 

.769 

.655 

.569 

.510 

.476 

Table  4. — Pinyon  gross  cubio-meter  volume  proportion  of 
2. 5  centimeter  minimum  top  diameter  limit 


Basal 
diameter 

\                                Minimum  top  diameter  limit  ( centime te 

rs) 

(centimeters) 

;      2.5      : 

5.0       : 

10.0 

: 

15.0 

0 

0 

2.5 

1.00000 

0 

5.0 

1.00000 
1.00000 
1.00000 
1.00000 

0 

0 
0 

0 

10.0 

0.67600 
.85278 
.91509 

0 

15.0 

0.41110 
.60845 

1 

0 

20.0 

0.30488 

25.0 

1.00000 

.94118 

.69524 

.46835 

30.0 

1.00000 

.95158 

.73448 

.54803 

35.0 

1.00000 

.95505 

.75083 

.58607 

40.0 

1.00000 

.95465 

.75559 

.60266 

45.0 

1.00000 

.95230 

.75392 

.60744 

50.0 

1.00000 

.94892 

.74867 

.60563 

55.0 

1.00000 

.94479 

.74144 

.60006 

60.0 

1.00000 

.94036 

.73314 

.59228 

65.0 

1.00000 

.93577 

.72425 

.58333 

70.0 

1.00000 

.93118 

.71519 

.57372 

75.0 

1.00000 

.92655 

.70609 

.56389 

80.0 

1.00000 

.92203 

.69711 

.55406 

85.0 

1.00000 

.91757 

.68830 

.54432 

90.0 

1.00000 

.91324 

.67974 

.53481 

95.0 

1.00000 

.90901 

.67143 

.52557 

100.0 

1.00000 

.90489 

.66340 

.51662 
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Table  7. — Juniper  gross  cubic- foot  volume  proportion  of  1-inch 
minimum  top  diameter  limit  for  single  stemmed  trees 


Basal 
diameter 
(inches) 


Minimum  top  diameter  limit  (inches) 


2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 


1.000 

0 

0 

0 

0 

0 

0 

1.000 

0.517 

0.168 

0 

0 

0 

0 

1.000 

.710 

.448 

0.230 

0.074 

0 

0 

1.000 

.802 

.610 

.430 

.270 

0.138 

0.044 

1.000 

.855 

.709 

.565 

.428 

.300 

.188 

1.000 

.890 

.775 

.659 

.544 

.432 

.325 

1.000 

.914 

.822 

.728 

.631 

.534 

.439 

1.000 

.931 

.857 

.779 

.697 

.614 

.530 

1.000 

.944 

.883 

.818 

.749 

.677 

.604 

1.000 

.954 

.904 

.848 

.789 

.728 

.663 

1.000 

.962 

.919 

.872 

.822 

.768 

.712 

1.000 

.968 

.932 

.891 

.847 

.800 

.751 

1.000 

.973 

.942 

.906 

.868 

.826 

.782 

1.000 

.977 

.949 

.919 

.884 

.847 

.808 

1.000 

.980 

.956 

.928 

.898 

.864 

.829 

1.000 

.982 

.961 

.936 

.908 

.878 

.845   I 

1.000 
1.000 
1.000 
1.000 


.984 
.985 
.987 
.988 


.964 
.967 
.970 
.972 


,942 
,946 
,950 
,953 


,916 
,923 
,928 
,932 


,897 
,904 
,909 


,859 
,869 
,878 
,884 


Table  Q. --Juniper  gross  cubic-meter  volume  proportion  of  2.5  centimeter 
minimum  top  diameter  limit  for  single  stemmed  trees 


Basal 

diameter 

(centimeters) 


Minimum  top  diameter  limit  (centimeters) 


2.5 


5.0 


10.0 


15.0 


2.5 
5.0 
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
100.0 


1.00000 

0 

0 

0 

1.00000 

0 

0 

0 

1.00000 

0.51891 

0 

0 

1.00000 

.70932 

0.23051 

0 

1.00000 

.80120 

.42956 

0.13809 

1.00000 

.85445 

.56423 

.29935 

1.00000 

.88916 

.65827 

.43044 

1.00000 

.91313 

.72624 

.53256 

1.00000 

.93069 

.77743 

.61245 

1.00000 

.94372 

.81655 

.67559 

1.00000 

.95381 

.84713 

.72599 

1.00000 

.96161 

.87121 

.76637 

1.00000 

.96777 

.89041 

.79899 

1.00000 

.97264 

.90566 

.82532 

1.00000 

.97644 

.91787 

.84657 

1.00000 


1.00000 


1.00000 
1.00000 
1.00000 
1.00000 


97951 


98193 


.98382 
.98534 
.98656 
,98756 


,92762 


93538 


,94155 
.94648 
.95041 
,95359 


,86366 


87742 


.88841 
.89720 
,90424 
,90992 
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Table  9. — Juniper  gross  ouhio-foot  volwne  proportion  of  single 
stemmed  trees  for  multiple  stemmed  trees 


Number 

of 

stems 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


292 


J2.2h- 


,186 
,143 


106 


,075 
,050 
.030 
,016 
,006 
.001 
.000 


Minimum  top  ciiameter  limit  (inches) 


1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

.885 

.867 

.850 

.832 

.815 

.799 

.782 

.779 

.746 

.715 

.686 

.657 

.630 

.604 

.679 

.636 

.596 

.558 

.523 

.490 

.458 

.588 

.537 

.491 

.448 

.410 

.374 

.342 

.503 
.426 
.356 

,448 
.368 
.298 

.399 
.319 
.250 

.355 
.276 
.210 

.316 

.281 

.250 

.239  \^ 

.207 

.179 

.176 

.148 

.124 

.237 


J.91. 


140 
103 


.072 


.048 
.030 
.017 
.008 
.003 
.000 
.000 


193 


156 


127 


145 


113 


.089 


.105 
.074 


.079 
.053 


.060 
.038 


,049 


,034 


.023 


,031 
,018 
.009 
.004 
.001 
,000 
.000 


,020 
Oil 
,005 
,002 
,000 
,000 
,000 


013 
,006 
,003 
,001 
,000 
,000 
,000 


103 
069 
,045 
,027 
,016 
,008 
,004 
,002 
,000 
,000 
,000 
,000 


084 
,054 
,034 
,020 
,011 
,005 
,002 
,001 
,000 
,000 
,000 
.000 


Table  10. — Juniper  gross  ovbic  meter  volume  proportion  of  single 
stemmed  trees  for  multiple  stemmed  trees 


Number 

of 

stems 


Minimum  top  diameter  limit  (centimeters) 


2.5 


5.0 


10.0 


15.0 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


1.00000 

1.00000 

1.00000 

1.00000 

.88576 

.86797 

.83346 

,80033 

.77916 

.74730 

.68745 

.63242 

.68008 

.63760 

.56045 

.49265 

.58839 

.53845 

.45093 

.37765 

.50403 
.42682 
.35667 

.44946 
.37018 
.30019 

.35741 
.27846     { 
.21266 

.28424 

.20948 

.15067    1 

.29343 

.23904 

.15865 

1      .23696 

.18626 

.11511     1 

.18709 
.14367 

.14138 
.10388 

.08075 
.05434 

1      .10651 

.07326 

.03470     1 

,07540 
,05013 
,03044 
,01602 
,00653 
,00149 
,00014 


,04897 
,03043 
,01702 
,00808 
,00288 
,00058 
.00014 


,02070 
,01126 
,00538 
,00213 
,00065 
,00019 
,00014 


,10532 
.07116 
,04615 
.02846 
.01648 
,00880 
,00423 
,00178 
,00065 
,00024 
,00015 
,00015 


ft  U  S   GOVERNMENT  PRINTING  OFFICE    1979-677-019/84  REG    8 


21 


Clenderien,  Gary  W. 

1!)7;).  dross  cubic'-voluine  oquations.  .  .  loi-  pitiyoii  and  juni|n'r  Irccs  in 
nortliern  New  iMcxicf).  I'SIJA  For.  Scrv.  l<r<..  I'aj).  INI--:2>i,  21  p. 
Internit.    For.   and  Kanyc  Fxp.   Stn.  ,   ()j;d(.'n,   I'lali  Mlol. 

PrescnlH  eubic-volunu'  equations  and  lables  for  csliiiialin^;  j^ross  culnc- 
volume  outside  bark  of  individual  pinyon  and  junipt'i'  trees  in  noriliern  Nc-w 
Mexico;  also  shows  procedures  used  in  building  niatln-niatical  niod(d. 


KE\'\VORDS:  ;;ross  cubic-volume,  e(|ualions,  pinyon,  junipii',  mathematical 
models. 


Clendeaen,  Gary  W. 

1979.  Gross  cubic-volume  equations.  .  .for  pinyon  and  juniper  trees  in 
northern  New  Mexico.  USDA  For.  S(>rv.  lU's.  i>ap.  INi'-22s,  21  p. 
Intermt.    For.   and  Range  Fxp.   Stn.,   Of^den,  Utah  siioi. 

Presents  cubic-volume  eciuations  and  tables  for  estimating  gross  cubic 
volume  outside  l)ark  of  individual  pinyon  and  juniper  trees  in  noi'thern  New 
Mexico;  also  shows  procedures  used  in  building  mathematical  modid. 


KF'1'\V(  )H!JS:  gross  cubic-volume,  ecjuations,  pinvon,  juniper,    malhemalical 
models. 


Headquarters  for  the  Intermountain  Forest  and 
Range  Experiment  Station  are  in  Ogden,  Utah. 
Field  programs  and  research  work  units  are 
maintained  in: 

Billings,  Montana 

Boise,  Idaho 

Bozeman,    Montana    (in   cooperation  with 

Montana  State  University) 
Logan,  Utah  (in  cooperation  with  Utah  State 

University) 
Missoula,    Montana    (in   cooperation   with 

University  of  Montana) 
Moscow,    Idaho    (in   cooperation  with  the 

University  of  Idaho) 
Provo,  Utah  (in  cooperation  with  Brigham 

Young  University) 
Reno,     Nevada    (in   cooperation  with   the 

University  of  Nevada) 


I 


1 


I'l 


/,   n    I'  r 


